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ABSTRACT

SOIL WATER CONTENT ESTIMATION FROM POINT SCALE TO PLOT
SCALE

Demir, Gökben
M.S., Department of Civil Engineering
Supervisor

: Prof. Dr. Zuhal Akyürek

February 2018, 117 pages

Estimating soil moisture is crucial for understanding vadose zone and surface
hydrology dynamics. In this study, soil moisture measurement is investigated by using
a range of techniques spanning different spatial scales in a test basin in the south of
Turkey. A cosmic ray sensor soil moisture probe (CRS) and a water content
reflectometer (CS-616) have been installed for retrieving volumetric soil moisture data
continuously. Lab analyses have been performed for calibrating the installed
instruments and to obtain the pore water electrical conductivity range in the study area.
The average pore water conductivity value is obtained as 933 μS/cm, and it is observed
that the variation of the pore water conductivity is not directly related to clay content.
Electrical resistivity imaging (ERI) was used to map water content variation in a 2-D
shallow unsaturated zone within the footprint of the CRS. Schlumberger and WennerAlpha electrode array with 0.50 m electrode spacing were used along 19.5 m resistivity
profiles in the field surveys. Soil moisture measurements were done with CS-616 at
these profile locations, concurrently. Archie’s Law has been used to reveal the
relationship between soil moisture and resistivity. Archie’s cementation index (m) and
saturation index (n) were calculated for the footprint as 1.57 and 1.152, respectively.
This study reveals that ERI has limited sensitivity to the moisture content in the study
area, whereas the CRS shows good agreement with the values obtained from the
v

installed CS-616 at point-scale, and rainfall amount observed at a nearby
meteorological station.
Keywords: Cosmic Ray Sensor, Water Content Reflectometer, Electrical Resistivity
Imaging, Pore Water Conductivity, Archie’s Index
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ÖZ

NOKTASAL ÖLÇEKTEN ALANSAL ÖLÇEĞE TOPRAK SU İÇERİĞİNİN
BELİRLENMESİ

Demir, Gökben
Yüksek Lisans, İnşaat Mühendisliği Bölümü
Tez Yöneticisi

: Prof. Dr. Zuhal Akyürek

Şubat 2018, 117 sayfa

Toprak suyu muhtevası, vadoz zonu ve yüzey hidrolojisi dinamikleri için oldukça
önemlidir. Bu çalışmada, toprak nemi ölçümleri farklı mekansal ölçeklere sahip bir
dizi teknik kullanılarak, Türkiye’nin güneydinde yer alan test havzasında
gerçekleştirilmiştir. Kozmik ışın sensörü (CRS) ve su içeriği reflektometresi (CS-616)
hacimsel toprak su içeriği verilerinin sürekli elde edilmesi için çalışma havzasına
kurulmuştur. Kurulan istasyonların kalibrasyon işlemleri ve çalışma alanina ait boşluk
suyu iletkenliğinin elde edilmesi için laboratuvar analizleri yapılmıştır. Ortalama
boşluk suyu iletkenliği 933 μS/cm olarak elde edilmiştir, ve boşluk suyu iletkenliği
değişiminin, çalışma alanındaki kil yüzdesi ile doğrudan bağlantılı olmadığı
belirlenmiştir. Elektriksel direnç görüntüleme (ERI) yöntemi, Schlumberger ve
Wenner-Alpha elektrot dizilimleri ile 0.5 m elektrot aralığı kullanılarak 19.5 m direnç
profilleri boyunca, CRS’nin ölçüm alanı içerisinde sığ doymamış zonlardaki toprak
nemi değişiminin 2-B olarak haritalandırılması için kullanılmıştır. Direnç profilleri
boyunca eş zamanlı olarak noktasal ölçekte harici toprak nemi ölçümleri CS-616 ile
yapılmıştır. Toprak nemi ve direnç değişimi arasındaki ilişki Archie denklemi
kullanılarak incelenmiştir. Archie sementasyon idenksi (m) ve Archie saturasyon
indeksi (n) yinelemeli hesaplama yöntemi ile hesaplanarak; CRS ölçüm alanine ait
değerleri 1.57 ve 1.152 olarak bulunmuştur. Bu çalışma, ERI’nın çalışma alanında
toprak nemi değerlerinin elde edilmesinde sınırlı hassasiyete sahip olduğu, buna
karşılık CRS’den ve kurulmuş CS-616’dan elde edilen noktasal ölçekteki değerlerinin,
vii

uyumlu olduğu ortaya çıkarılmıştır ve yağmur yağış miktarları havza yakınında
bulunan meteoroloji istasyonu ile gözlemlenmiştir.
Anahtar Kelimeler: Kozmik Işın Sensörü, Su İçeriği Reflektometresi, Elektriksel
Direnç Görüntüleme, Boşluk Suyu İletkenliği, Archie İndeksleri
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CHAPTER 1

INTRODUCTION

Almost 75 % of the Earth’s surface is covered with water in both liquid and solid form
(NASA Earth Observatory n.d.), and it is requirement for life on the planet. However,
only a small percentage of this amount of water is available as freshwater to meet
human needs, particularly potable water and food production. Moreover, water
resources have become the most dominant factor for economic and cultural
improvements of humankind. As a result, management of fresh water resources has
become a vital issue.
An endless movement of water throughout land, atmosphere, ocean; its storages, and
its changes in physical state conditions are described by hydrological cycle.
Evaporation, transpiration, precipitation, surface runoff, groundwater flow and
infiltration are the elements of the cycle.
Soil moisture is 0.005% of the whole water storage in the Earth (Fetter 2001), albeit it
has paramount influences on the cycle parameters. As soil moisture regulates the
energy exchange between the land and the atmosphere, it affects evaporation besides
transpiration (Seneviratne et al. 2010). Furthermore, it controls the portioning of
rainfall into infiltration and runoff; hence, the amount of soil moisture present is
important for understanding the relationship between rainfall and run-off for a basin.
Dunne and Black (1970) showed that soil moisture conditions are the main control
mechanism of the rainfall-runoff relationship of the basin, and more recent researches
highlight how the antecedent soil moisture situation affects run-off amount (Brocca et
al. 2008; Penna et al. 2011).
1

An understanding of hydrological processes, which are highly complicated,
predictions for and forecasting of hydrologic quantities are essential for all kinds of
water resources applications. Hydrologic models, which are simulations of certain
parts of the hydrological cycle within a natural or a human-made system, have evolved
in line with these fundamentals (Dingman 2002). The models might be physically or
conceptually based. In both cases, the models can be operated successfully with
sufficiently qualified and available data, since the GIGO principle i.e., Garbage In Garbage Out, is valid for hydrological models as well.
Soil moisture data, which are temporally and spatially varied, should be retrieved in
order to improve the understanding of hydrological processes and determine the
conditions of hydrological states. This leads us to the fact that soil moisture data is
critical for many types of hydrological modelling. Several studies revealed that the use
of soil moisture data enhanced the prediction and forecasting of rainfall-runoff
modeling besides flood modeling (Aubert et al. 2003; Bronstert et al. 2012; Goodrich
et al. 1994).
Measurement of soil moisture can be carried out by using numerous different
techniques for different scales from point to global-scale, and Figure 1-1 presents
generally used methods. Some examples of point-scale measurement methods are
thermogravimetric method, time domain reflectometry (TDR), frequency domain
reflectometry (FDR); remote sensing tools provide soil moisture data for much larger
areas (Lakshmi 2013). Geophysical methods, such as ground penetrating radar (GPR),
electrical resistivity imaging (ERI) are promising techniques for obtaining soil
moisture at the mesoscale (Huisman et al. 2003; Samouëlian et al. 2005). In addition,
the cosmic-ray sensor (CRS) technique has been developed to meet the need for
intermediate scale measurements by providing areal-average soil moisture data (Zreda
et al. 2008).

2

Figure 1-1 Soil moisture sensors with respect to spatial extent (Vereecken et al. 2008)

1.1

Motivation of the Study

Although soil moisture is assessed by using TDR and conventional gravimetric method
within an acceptable accuracy, they are generally invasive. Additionally, these
methods are not easily applicable to retrieve soil moisture data efficiently for large
areas, due to their data acquisition scale. On the other hand, remote sensing is a
beneficial method to estimate spatial soil moisture information; nevertheless, this
method cannot provide sufficient depth of investigation for many hydrological
modeling studies. Obviously, there is a gap between a point-scale and a global-scale
soil moisture estimation (Robinson et al. 2008).
Unified multiscale soil moisture measurements for the characterization of near surface
temporal and spatial soil moisture conditions is still a requirement for some hydrologic
research. Multiscale soil moisture monitoring provides detailed soil water conditions,
and the validation of basin-scale hydrological models depend on this information
(Vereecken et al. 2008).
Requirement of unified multiscale soil water content measurement to supply
sufficiently qualified data for a hydrological model have sparked the interest in
3

research which forms the basis of this thesis. The study aims to combine several soil
moisture measurement techniques to obtain soil water content in a particular region
and depth, and to meet this need through in point of view hydrology.
In this study, data from one cosmic-ray sensor (CRS) and a water content
reflectometer (WCR), which is classified as a FDR instrument with soil temperature
sensors, were used in order to monitor soil moisture continuously at the study area.
Thermogravimetric sampling was done to calibrate these ground-based instruments.
Furthermore, ERI method was performed to measure soil moisture at a scale that
bridges that of the WCR and the CRS sensor, besides WCR measurements were carried
out concurrently.
This study is a part of the project, Determination of Hydrological Cycle Parameters
with a Conceptual Hydrological Model (Project number: 115Y041), aims to obtain
hydrological cycle parameters by using data improved conceptual models.

1.2

Thesis Structure

This thesis includes six chapters. Following the introductory part, in Chapter 2, some
basic terms and soil moisture techniques are overviewed based on former research.
The study area is introduced in Chapter 3. Geographical information of the study area
is provided in addition to hydro-climatologic, topographical, geological and
hydrogeological properties. Additionally, the installed instruments are presented.
In Chapter 4, the methodology used in this study is explained. This chapter is divided
into three sections. Calibration procedures for the data retrieved from the CRS and the
WCR are clarified in detail in the first two sections. In August 2017, the ERI technique
was applied to map 2-D resistivity variation in the CRS measurement area, and WCR
was used to measure soil moisture along the resistivity survey lines in the study area.
The relationship between these two different types of data and resistivity data
interpretation are also detailed in this chapter.

4

The last two chapters, Chapter 5 and Chapter 6, discuss the results and conclude the
study with further recommendations, respectively.

5
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CHAPTER 2

LITERATURE REVIEW

2.1

Soil

Soil basically consists of three substances: solid particles, air and water. Solid particles
have different chemical and mineralogical contents; also, they exhibit variety in size,
shape and orientation. These textural attributes determine geometrical structure of the
pore space. Organic matter, which sticks on solid particles, is also a component of the
soil. The amount of air and water, which reside in pores, changes both in time and
space. As the water generally includes dissolved minerals, it is defined as soil solution
or pore water solution.
Hillel (2004) described the soil as a heterogeneous, polyphasic, particulate disperse
and porous system, and schematic of natural situation of the soil is indicated in Figure
2-1.
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Solid Particles
Air
Water
Organic Matter

Figure 2-1 Schematic soil component volumetric compositions at a theoretical
conditions (Hillel 2004)

2.2

Soil Moisture Measurement Techniques

Soil water content is the key variable for several issues in hydrological sciences, hence
the estimation of soil water content value has become a critical task for water budget
calculations, estimating actual evapotranspiration and surface water conditions. In
literature, there are various techniques, and these techniques are being improved day
by day.
Soil moisture measurement methods can be classified into two major groups:
thermogravimetric method which is a direct method, and indirect methods that rely on
conversion of the moisture content from obtained data by using empirical equations or
models. In addition, these data depend on differences in physical and/or chemical
properties of soil components such as dielectric permittivity, electrical resistivity, and
neutron thermalization capacity.
The relative dielectric permittivity, ɛ, which is described as the ratio of the permittivity
of material to the permittivity of free space, is a dimensionless term, and it is often
known as permittivity. Dielectric permittivity of water, which is around 80 is much
greater than other soil components’ dielectric permittivity values: which are 1 for air
and around 5 for most of soil solid particles (Robinson et al. 2008). Therefore,
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variation of the water content leads to remarkable changes in bulk dielectric
permittivity of the soil. This incredible influence is used by remote sensing, ground
penetrating radar, time domain reflectometry and frequency domain methods to
retrieve soil moisture content.

2.2.1

Thermogravimetric Method

The thermogravimetric method, which depends on the mass lost under rising
temperature values, is used to obtain soil water content directly. The soil sample is
oven-dried at 105˚C ∓ 5˚ C for more than 12h, and the reduced mass amount is
regarded as the amount of water in soil (ASTM D2216 2010). Even though the
thermogravimetric method is regarded as the most accurate measuring technique, it is
not conducted broadly in catchment-scale studies, because of its destructive nature and
difficulties in its application. However, it is used (by converting gravimetric water
content into volumetric) as a reference method to assess indirect method
measurements.

2.2.2

Remote Sensing Methods

Many remote sensing tools examine the Earth’s land surface attributes by employing
electromagnetic wave radiation at different spectrum – ultraviolet, visible, infrared and
microwave sensors are placed in aircraft or satellite (Knödel et al. 2007). Soil moisture
content regulates the electromagnetic reaction of the land surface since the water
content influence dielectric permittivity of the soil significantly, but surface
temperature, surface roughness and vegetation density affect the reaction, as well. In
other words, scattering and emissivity properties mainly depend on soil moisture
(Lakshmi 2013).
Although visible and thermal space-borne data have been used to determine surface
soil moisture under non-cloudy day light conditions for more than forty years,
microwave spectrum approaches using satellites has developed, and has become more
9

preferable both at regional and global-scale soil moisture measurements (Bittelli
2011). The microwave approach includes two methods: passive microwave and active
microwave. These two methods are able to retrieve soil water content of the land
surface over a depth of 0 to 5 cm, and their spatial resolutions are several meters to
kilometers, for active and passive techniques respectively. In passive methods that are
well equipped sensors based on measuring natural thermal radio emission, in active
method microwave pulse is sent, and back scattered pulse is received (Figure 2-2). The
comparison between sent and received wave power, back-scattering coefficient,
indicates the land surface characteristics. Soil surface roughness, vegetation cover
have significant influence on the inference of the relationship between data which are
acquired from microwave approaches and soil water (Jackson et al. 1996).

Figure 2-2 Active microwave and passive microwave approaches (Hassan 2014).

Remote sensing has been used to obtain soil moisture for catchment-scaled modelling
studies in the literature (e.g. ; Brocca et al. 2010, Fang and Lakshmi 2014). However,
due to the limitations in spatial resolution and the examination depth of the remote
10

sensing methods, these tools are generally adopted as more convenient for global-scale
researches instead of the basin scale studies (Petropoulos et al. 2015).

2.2.3 Ground Penetrating Radar (GPR)
Ground Penetrating Radar (GPR) allows the scanning of alterations in the shallow
subsurface formation along a survey line in ranges as narrow as a few centimeters or
as large as a few kilometers. It is a geophysical method. GPR systems consist of two
antennas, which are the transmitter and the receiver. High frequency electromagnetic
waves relayed by the transmitter antenna penetrate the mapping region, and the
receiver antenna measures the reflected wave. The reflection path of the
electromagnetic wave is based on the differences between electric permittivity values
of the heterogeneous layers in the soil (Huisman et al. 2003). The possible travel path
of the wave is shown in Figure 2-3.

Figure 2-3 The possible travel path of the electromagnetic wave in a soil involves two
layers (Huisman et al. 2003)
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Data acquisition for obtaining soil water with GPR can be conducted in three different
ways (Figure 2-4). These are identified according to the position of the antennas and
movements of these with respect to each other. If the antennas are moved apart from
each other with a specified distance incrementally, this is called common mid-point
(CMP), which is the first of these survey types. In the second type; that is, wide angle
reflection and refraction (WARR), the receiver antenna is shifted with a constant
distance in small increments, whereas the transmitter is fixed at a point. In the third
type of survey, common offset (CO), the distance between the antennas is fixed and,
these are moved simultaneously along the survey line (Galagedara et al. 2003).

Figure 2-4 GPR survey types; CMP (a), WARR (b), CO (c) (Galagedara et al. 2003)

Data retrieved from GPR surveys are converted to soil water content by using empiric
equations or mixing models; such as Topp’s equation, Equation 2-4, and complex
refractive index model (CRIM) (Cassiani et al. 2006a).
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2.2.4 Time Domain Reflectometry (TDR)
The time domain reflectometry (TDR) method provides highly accurate soil moisture
monitoring at the point-scale. A TDR instrument, presented in Figure 2-5, produces an
electromagnetic wave with a bandwidth value in a range between 10 kHz and 1 GHz,
and it is transmitted to the soil along probes. At the tip of the probe, the wave is
reflected back along another inserted probe of the instrument. TDR measures the
velocity of the guided electromagnetic wave which depends on the dielectric
permittivity (Wraith et al. 2005).

Figure 2-5 TDR designs; three-rod probe, two-rod probe and parallel plate probe
(Robinson et al. 2003)

The velocity of the wave and the relationship between the velocity and the electric
permittivity can be defined as follows:

vp = 2L t

(2.1)

vp = c

(2.2)

√ɛ
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where vp is the propagated wave velocity, L is probe length in m, t is the time for the
round trip and c is the velocity of light in the free space, which is 3×108 m/s.
Combination of Equation 2.1 and 2.2 is as follows:

t=

(2.3)

2L√ɛ
c

The empiric equation, Equation 2.4, which describes the interrelationship of
volumetric water content and bulk dielectric permittivity of soil, was developed by
Topp et al. (1980) at the end of experimental studies on different soil mineral types
and textures, and the volumetric water content was estimated with an error of 1.3 %.

θ=-5.3×10‐2 + 2.92×10-2 ɛ - 5.5×10-4 ɛ2 + 4.3×10-6 ɛ3

(2.4)

Moreover, mixing model approaches have been improved to reveal the relationship
between water content and dielectric constant. These approaches rely on taking into
consideration of each soil component in the model individually (e.g. Chan and Knight
1999; Friedman 1998).
TDR is widely used in hydrological and agricultural studies, because it does not require
calibration for many types of soil and it is considered a reliable method.

2.2.5

Frequency Domain Sensors: Capacitance Probes and Frequency Domain
Reflectometry (FDR)

Dean et al. (1987) developed a capacitance probe which was operated at 150 MHz to
obtain soil water content, and described the relationships between capacitance,
frequency, and dielectric constant as follows:
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F=

1
2π√L

1

1

C

Cb

( +

+

1
Cc

(2.5)

)

(2.6)

C= g ɛ

where F is the frequency of oscillation, Cb is the total base capacitance, Cc is the
collector capacitance, and C is the measured capacitance which is a function of
dielectric permittivity, ɛ and here, g is geometrical probe design constant:
The probe, composed of a capacitance sensor element and an oscillator which was
placed in the soil sample, and transmits an electromagetic wave into the soil sample.
The oscillation frequency values of the wave were recorded, the corresponding
capacitance values were determined. This pioneering probe design and, the possibility
of lower frequency electromagnetic waves being useful (Campbell 1990), have created
an opportunity for manufacturing inexpensive soil moisture sensors.
Frequency domain reflectometry (FDR) operates according to the same working
principle for the capacitance probes, but they operate at lower frequencies, which range
between 10 MHz and 100 MHz, than those of the capacitance probes and TDR
instruments (Western and Seyfried 2005).
Whereas TDR measures travel times, FDR and capacitance probes measure the
oscillation frequency. FDR instruments are significantly cheaper than TDR sensors.
These frequency domain instruments can be placed into the soil for a long time period
(Veldkamp and O’Brien 2000).
TDR rarely requires calibration according to soil type; however, frequency domain
sensors should be calibrated for site-specific soils, and for the soil temperature
conditions to estimate soil water content accurately (Kizito et al. 2008; Mittelbach et
al. 2012).
Soil water content - dielectric permittivity relationship has been already explained in
empirical equations and mixing models (Topp et al. 1980; Whalley et al. 1992). The
dielectric permittivity and the oscillation frequency are inversely proportional; hence,
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frequency domain approaches have become an easily applicable soil water content
measurement technique in the field.
The CS-616 (Campbell Scientific) water content reflectometer, which is the most
commonly used FDR based sensor, was used in this study.

2.2.6

Neutron Scattering

Neutron scattering method relies on the thermalization of the fast neutron which is at
an energy level around a million electron volt or more by a hydrogen atom, and the
fundamental principle was explained by Gardner and Kirkham (1952). Fast neutrons
become slower and lose their energy when they elastically collide with the nuclei of
atoms, and this is called thermalization. Collision with atoms with low atomic weights
leads to much greater energy loss; as a result, hydrogen atoms slow down fast neutrons
the most effectively. This principle is used by neutron moisture meters, neutron probes
and neutron-scattering moisture meters. In these conventional instruments, fast
neutrons are emitted by a suitable radioactive source artificially. For example,
beryllium has been generally used owing to that it yields the highest neutron density
compared to the other elements in the periodic table (Chanasyk and Naeth 1996).
Neutron scatter methods measure hydrogen density, which exists mostly in the form
of water in soil, with the help of counting thermalized neutrons. The field application
is as follows: the neutron probe is placed on the soil surface, and thermalized slow
neutron intensity is accounted per unit time (Visvalingam and Tany 1972). The
relationship between the resultant slow neutron density and soil moisture is revealed
by calibration curves. Results of these applied conventional methods show that soil
moisture content is obtained by the relationship between measured, and the calibrated
neutron flux is consistent with the soil moisture data, which is measured by other
techniques such as tensiometer, frequency domain reflectometer, and time domain
reflectometer. All soil moisture sensors detect a similar trend in soil moisture variation
(Leib et al. 2003).
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Passive neutron sensors or cosmic ray probes (CRP), which do not need an artificial
radioactive source for generation of fast neutrons, are promising instruments to obtain
volumetric water content (VWC) at a field-scale (Zreda et al. 2008). The general
working principle is similar to that of active neutron probes.
Cosmic rays are natural radiation sources, and they were discovered at the beginning
of the 20th century by Hess (1912). The natural cosmic-ray radiation can be classified
into two types: primary and secondary cosmic rays. Primary cosmic rays are radiated
from the sun or space, and they penetrate the Earth atmosphere and collide with atoms
in there. Secondary cosmic rays, which mainly consist of neutrons, are produced at the
end of this collision (Bogena et al. 2013). Neutrons of these secondary cosmic-rays are
at different energy levels, and they are described according to the energy level. These
are namely, high energy neutrons; fast neutrons which are generated by the collision
between high energy neutrons and terrestrial atomic nuclei in the air, vegetation, and
soil; low energy thermal and epithermal neutrons which are formed by the moderation
of fast neutrons through collisions with atomic nuclei (Zreda et al. 2012).
Fast neutrons can be absorbed and moderated most efficiently by hydrogen atoms,
hence the neutron flux and plentitude of hydrogen atom density above the ground
surface are inversely correlated. For example, while VWC typically varies between 0
to 40%, the cosmic ray neutron density declines to 60%, correspondingly. Therefore,
this inverse correlation and measurement of neutron density are the main inputs for
monitoring soil moisture at field-scale (Zreda et al. 2008).
Like active conventional neutron scattering methods, the relationship between soil
moisture and the countered neutron intensity in the CRP measurements is deduced
from calibration curves (Zreda et al. 2008). The CRP measurement needs not the only
calibration but also the counted neutron intensity requires a range of corrections. There
are several factors, which affect spatial cosmic-ray intensity. Atmospheric pressure,
atmospheric vapor, spatial neutron flux density and cutoff rigidity are some of these
factors. The cutoff rigidity is imposed by the geomagnetic field which is generally
greater at low latitude (Desilets and Zreda 2001). CRP measurements can be converted
to area-average soil water content with different methods. A site-specific method
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(called the N0 method), a universal calibration method which is the hydrogen molar
fraction method (hmf-method) and a Cosmic-ray Soil Moisture Interaction Code
(COSMIC) method are parametrization approaches to develop site-specific neutron
flux – soil moisture calibration curves. The N0 method is easily computable because it
needs only one calibration parameter, but it relies on intensive soil sampling for
determining this parameter accurately (Baatz et al. 2014).
The cosmic ray probe (CRP) provides soil moisture monitoring non-invasively besides
it is a non-contact methods, insensetive to soil texture, bulk density, surface roughness
or the physical state of water, and an environment-friendly method (Desilets et al.
2010). Moreover, it measures soil water content at an intermediate scale since it has a
lateral measurement area with a diameter approximately 670 m at sea level, and it
provides soil moisture monitoring at a depth, which changes in a range between 0.12
m to 0.76 m. While the measurement depth depends on only wetness conditions of the
soil, the measurement area or its footprint is inversely proportional to the atmospheric
pressure (Zreda et al. 2008). This useful technique has been used in many critical zone
observatory studies (e.g. Baatz et al. 2015; Zreda et al. 2012).

2.2.7

Electrical Resistivity Method

Electric resistivity imaging (ERI) is a geophysical technique frequently used for the
characterization of shallow and deep subsoil structures. The working principles of this
technique and improvements to the application advanced in the 1990s. ERI has become
popular for solutions to environmental and engineering problems, such as, monitoring
of subsurface flow (Daily et al. 2004).
The method is based on the inferring of vertical and/or lateral resistivity variation of
the examined subsurface, and it is applied by injecting an artificial current, which is
either an alternating current with a frequency less than 30 Hz or a direct current into
the ground. The resistivity variation is expressed with the help of measuring the change
in the electrical potential, which is a function of resistivity for a given applied current.
Most of the resistivity methods are applied with four electrode measurement approach
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(Figure 2-6). While two current electrodes - C1, C2 - transmit the current into the
ground, the other two electrodes - P1, P2- measure the potential difference which is
used to determine the apparent resistivity of the subsoil (Knödel et al. 2007).

Figure 2-6 Principle of four electrode measurement approach (Knödel et al. 2007)

If a one-point electrical current source generates a direct current, I, the potential, Vr ,
which occurs at a distance r from the point, and the potential is expressed as follows:

Vr =

ρI
2πr

(2.7)

When a two-point source generates a current ∓I , the potential difference, ∆V, occurs
between the potential electrodes; i.e. four electrode geometry, and the potential
difference is determined by using Equation 2.8:
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∆V=ρI

1 1 1 1 1
( - - +
2π r1 r2 r3 r4

(2.8)

where r1 = C1P1, r = C1P2 , r3 = C2P1, and r4 = C2P2.

If

1

1

2π r1 r2 r3

1

1

1

r4

( - - +

term can be defined as one parameter, it is called geometry factor

or configuration factor, K. Therefore, the apparent resistivity can be calculated by
using Equation 2.9 (Knödel et al. 2007):

ρ=K

∆V
I

(2.9)

The electrodes are placed on the ground surface or in boreholes with different array
combinations, some of which are shown in Figure 2-7, according to the desired precise
resolution of the spatial resistivity variation and the aim of the implemented field
analysis. Surface profiling, vertical sounding, azimuthal surveys and surface imaging
are some of the operation types of the resistivity method (Binley and Kemna 2005).
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Figure 2-7 Generally applied electrode geometry and their geometric factors (Loke et
al. 2013)

ERI allows the estimation of the bulk electrical conductivity, which is the reciprocal
of the resistivity of the soil, at the mesoscale, and without disturbance. It is similar to
other indirect methods in the respect that it employs empirical functions for the
conversion of conductivity (or resistivity) data (Archie 1942; Waxman and Smits
1968). Proving to be advantageous in several respects, it has become a popular method
for the estimation of soil water content and subsurface flow characterization (e.g;
Binley et al. 2002; Garré et al. 2011; Kemna et al. 2002; Turesson 2006).
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CHAPTER 3

STUDY AREA

Çakıt basin, having no water control structure in it, was selected as a study area for the
TUBITAK project titled “Determination of Hydrological Cycle Parameters with a
Conceptual Hydrological Model” (Project number: 115Y041). The basin is located at
the south part of Turkey about 37˚ 22’ - 37˚ 35’ north and 34˚ 24’ - 34˚46’ east. The
surface area of the basin is 526 km2, and its location is given in Figure 3-1.

Figure 3-1 Çakıt Basin and its location in Turkey
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3.1

Hydroclimatology of Çakıt Basin

There is a meteorological station, Ulukışla Meteorological Station, in the basin which
has been operated for a long time by the General Directory of Meteorology (MGM).
It is located at 37˚ 33’ N and 34˚29’ E. Since it has long enough data records, the
climatic features of the Çakıt catchment were obtained based on this meteorological
station data.

3.1.1

Temperature

According to long-term temperature data recorded between 1937 and 2017, the lowest
temperature value is observed at the station as -8.3 ˚C, while the highest temperature
value is 25.3 ˚C. Monthly based average temperature values are shown in Table 3-1.
As seen in Table 3-1, January is the coldest month with an average temperature of 1.7 ˚C, July is the hottest period of the year with an average temperature of 21.6 ˚C.
After 1990s, the temperature regime shows an increasing trend (Figure 3-2).

Table 3-1 Monthly averaged temperature values (˚C)
Jan Feb March
-1.7 -0.3
3.5

Apr
8.9

May Jun Jul Aug Sept Oct Nov Dec
13.5 18.1 21.6 21.3 16.7 10.9 5.0 0.4
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Figure 3-2 Yearly averaged temperature (˚C) values

3.1.2 Rainfall
According to data collected between 1929 and 2017, the average annual rainfall in the
basin is 332 mm which is less than average rainfall amount of Niğde, that is 341.1mm
(“Meteoroloji Genel Müdürlüğü” n.d.). However, as Figure 3-3 shows there are lower
values than average, especially for the last decade except for 2009, 2011 years.
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Figure 3-3 Annual total rainfall (mm) for the basin (1929-2017)
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3.1.3

Wind and Humidity

Monthly averaged relative humidity values are summarized in Table 3-2, and these
values are based on a long-term period (1975-2016).

Jan

Table 3-2 Long-term monthly averaged relative humidity values (%)
Feb Mar Apr May Jun Jul
Aug Sept Oct Nov Dec

76.8 74.3 67.7

62.8 60.9

53.8 46.7

47.2 51.9

63.3 69.4

75.9

According to wind speed data obtained from the Ulukışla meteorological station
between 1975 and 2005, the maximum wind speed was 6.1m/s and the minimum wind
speed was 2.0 m/s. On the other hand, the average wind speed was 3.3 m/s. The
dominant wind direction has been identified by analyzing wind direction and wind
speed data: these are shown in Figure 3-4 and Figure 3-5, respectively. The analysis
reveals that the dominant wind direction is East-South-East (ESE) with a wind speed

number of event

of 21.1 m/s.

80
60
40
20
0

direction

Figure 3-4 General wind direction densities for Ulukışla Meteorological station
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Figure 3-5 Wind directions and average speed (m/s) values for Ulukışla
Meteorological Station

3.2

Topographical Characteristics of Çakıt Basin

Within the boundaries of the Çakıt Basin, the highest elevation is approximately
3450m, and the lowest elevation is 963 m. While the mean elevation is 1727 m, the
median elevation value is 1600 m. These elevation values have been obtained from
digital elevation model (DEM) of the Çakıt Basin. The hypsometric curve of the Çakıt
catchment has been generated with the help of ArcGIS software (Figure 3-6): the DEM
and instrumentation of the Çakıt Basin is shown in Figure 3-7.
A Cosmic Ray Sensor (CRS) and CS-616 water content reflectometer which is a part
of an Eddy covariance open path system were installed at an elevation of 1459 m and
1464m, respectively. The CRS measurement area, the footprint, is around 0.28 km2
(Figure 3-7).
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Figure 3-6 Hypsometric curve of Çakıt Basin
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1.0
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Figure 3-7 DEM and instrumentation of Çakıt Basin

Soil type data obtained from the State Hydraulic Works (DSI) indicates the common
soil type in the Çakıt catchment is brown forest soil (Figure 3-8). However, the CRS
footprint area has a colluvial soil type.
The CORINE database was used to retrieve land cover information. Natural vegetation
covers the bulk of the Çakıt basin surface area and, the studied sub-area which is
measurement area of the CRS. Moreover, agricultural lands and fruit trees have 3% of
the whole surface area. Land use details are shown in Figure 3-9.

Figure 3-8 Soil types in Çakıt Basin
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Figure 3-9 Land use cover in Çakıt Basin

The Çakıt Basin has a complex geological formation, since its soil structure contains
many different formation types, but the CRS measurement area has mainly sandstonechalk formation. The geological formation of the catchment is shown in Figure 3-10:
this information was obtained from the General Directorate of Mineral Research and
Explorations (MTA). Additionally, hydrogeological information of the basin (Figure
3-11) reveals larger aquifers in the basin (Seyhan Basin Master Plan report).
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Figure 3-10 Geological map of Çakıt basin
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Figure 3-11 Hydrogeological formation of Çakıt basin
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CHAPTER 4

SOIL MOISTURE MEASUREMENTS

In this study, soil moisture was measured by using a range of techniques spanning
different spatial scales. The methods used are cosmic-ray soil moisture sensor (CRS),
water content reflectometry and electrical resistivity imaging (ERI).

4.1

Cosmic-ray Soil Moisture Sensor (CRS)

A Cosmic-ray soil moisture sensor (CRS) system was installed at the elevation of 1459
m in Çakıt basin. The system is passive, non-invasive and based on the indirect cosmicray method, and it using a natural radiation source, cosmic rays. The operation
principle of the system is based on measuring neutron intensity, which is inversely
proportional to the amount of the existing water near the land surface, and other
hydrogen sources such as water in or on vegetation, and this is explained in Section
2.2.6 in detail. Therefore, due to the impact of hydrogen sources it was located far
away from the river network and more densely vegetated part of the basin.
The installed system consists of one bare and one moderated neutron counter, and a
relative humidity and a temperature sensor. It is a product of Hydroinnova LLC and
has the product name CRS 2000/B (Figure 4-1). This system detects the neutron
density within a footprint which has a lateral radius of around 300 m. In other words,
the system measurement covers approximately 0.28 km2 plan area, and the conversion
of the measurement provides an area - averaged soil moisture value.
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Figure 4-1 Cosmic-ray soil moisture sensor system (CRS 2000/B)

4.1.1 Correction Procedure
Environmental factors affect the CRS neutron count measurements; hence, to obtain
the relationship between soil moisture and site-specific neutron density data clearly, a
correction procedure is a requirement for neutron counts. Atmospheric pressure,
atmospheric water vapor and the incoming neutron flux are the main environmental
factors, and measurements must be modified according to these factors.
Neutron counts can be corrected for changes in atmospheric pressure by using
Equation 4.1 shown below:

(4.1)

fp = exp β( P-Pref )
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where P is atmospheric pressure (mb), and Pref is the reference athmospheric pressure
(mb), which is 1013.25 hPa at the sea level, β is the atmospheric attenuation coefficient
( cm2/g or 1/mb) for neutron generating cosmic rays (Hawdon et al. 2014).  is taken
as 0.0077 hPa-1 in this study.
Water vapor is another hydrogen reserve, so it is capable of thermalizing fast neutrons
efficiently similar to the way soil water content does. Its effect should be accounted
for and removed from the measurement. The water vapor correction factor can be
calculated by using Equation 4.2, which is developed by Rosolem et al. (2013).

)
fwv =1+0.0054(pv0 -pref
v0

(4.2)

where fwv is the correction factor for water vapor pressure variation, pref
is the
v0
reference absolute humidity, and pv0 is absolute humidity at the surface.
Variation of solar activity leads to changes in the incoming neutron flux density. The
solar activity is observed by cosmic ray neutron monitors, which only measure highenergy secondary neutrons, and are placed all around the world (Simpson 2000). This
measurement is used for calculating the intensity correction factor. The correction
factor can be described as shown in Equation 4.3 (Zreda et al. 2012).

f=

Im
Iref

(4.3)

where f is the correction factor for the incoming neutron intensity, Im is the selected
neutron monitor measurement at any specific point in time, and Iref is a reference
counting rate for the same neutron monitor from an arbitrary fixed point in time.
Geomagnetic field variation, which changes spatially, influences the incoming neutron
flux intensity, since geomagnetic field strength, expressed by vertical cutoff rigidity
(Rc ), controls the minimum energy that a cosmic particle requires to penetrate the
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Earth’s magnetic field (Desilets and Zreda 2003). For that reason, the neutron flux
intensity should be normalized with respect to the geographical location; in other
words, it should be corrected with site-specific Rc values.
In this study, the neutron flux has been corrected according to the atmospheric
pressure, atmospheric water vapor and the Neutron Monitor Data Base (NMDB). The
monitor located in Athens, Greece was selected for the incoming neutron intensity
correction procedures, due to it having the closest cutoff rigidity of the installed CRS,
which is approximately 8.5 GV (Athanasios 2008).

4.1.2

Conversion of Corrected Neutron Flux to Soil Moisture

The cosmic ray probe is an indirect sensor for obtaining soil moisture data, and the
measured CRS data must be converted to soil moisture data by using calibration
functions.
The site specific-shape defining function, i.e. the N0 method, was improved by Desilets
et al. (2010) to obtain the soil moisture data from the counted neutron flux. This
method describes the relationship between the locally calibrated and normalized fast
neutron counts and soil water content. It has been calibrated with the Monte Carlo
Neutron-Particle eXtended model (MCNPx). Volumetric water content is retrieved
directly from the corrected neutron flux by using Equation 4.4 (Baatz et al. 2014).

θ N =

a0 ×ρbd
-(a2 ×ρbd )
N
-a
N0 1

(4.4)

where θ is volumetric water content, N is fast neutron intensity, which is corrected for
changes in atmospheric pressure, atmospheric water vapor and incoming neutron
intensity, N0 is the neutron intensity in the air above dry soil at the same reference
conditions, ρbd is oven dry bulk density (g/cm3), and a0 , a1 , a2 are fitting parameters
that characterize the shape of the calibration function. These dimensionless parameters
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were determined as; a0 = 0.0808, a1 = 0.372, a2 = 0.115 from MCNPX calculations. It
is assumed that these parameters are constant in time, and valid for soils with different
chemical compositions (Desilets et al. 2010; Zreda et al. 2008).
The N0 method is commonly used method due to its straight-forward applicability and
simple computability (e.g.; Bogena et al. 2013; Franz et al. 2012). However, N0
method requires field calibration which demands intensive soil sampling from the
field, since it is found out by using the weighted mean total gravimetric soil water
content. Therefore, the method depends on the measurement area physical properties.

4.1.3

Field Calibration and Soil Properties

Undisturbed soil samples were collected from the CRS footprint on 2-4 December,
2016. This samplings was conducted in order to calibrate the CRS, and to obtain soil
properties of the study area. The Cosmic-ray Soil Moisture Observing System,
COSMOS (Zreda et al. 2012) soil sampling scheme was followed in this study. Even
though this sampling needs extensive field work, it has been conducted by many
researchers (e.g. Baatz et al. 2014; Bogena et al. 2013). Soil samples were taken from
18 different locations, and at six depths ranging from 0 to 30 cm with 5 cm increments,
i.e. 108 total undisturbed soil samples. The sample points were located at six radial
directions, and at distances 25, 75 and 200 m away from the CRS. Metal rings, 5 cm
in height and 5 cm in diameter, were used to collect samples in the field (Figure 4-2).
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Figure 4-2 Sample point locations (a) and soil sampling procedure (b, c)

These soil samples were analyzed in METU Civil Engineering Department, Soil
Mechanics Laboratory with the method of sieving and hydrometer analysis to obtain
soil particle size distribution and clay content as stated in ASTM D 6913/ D6913M17 (2017) standard.
Table 4-1 shows the soil properties of the sampled locations. Moreover, water content
(wn), bulk density (ρb) and specific gravity (Gs) values were estimated by gravimetric
methods. Volumetric water content (θ), void ratio (e) and porosity (ɸ) values were
calculated by using soil phase relationships which are shown below:

(4.5)

Total mass of the soil, ΣM
ρbulk =
Total volume of the soil, ΣV

(4.6)

Mass of water, Mw
wn =
Mass of solids, Ms
ρdry bulk =
θ=

volume of water
total volume of soil

Gs =
ɸ=

ρbulk
1+w

(4.7)
= wn

ρdry bulk

(4.8)

ρwater

the solid particle density
the water density, ρw

(4.9)

e
1+e

(4.10)

Soil texture classification was carried out according to a scheme developed by the
U.S.Department of Agriculture, and it is shown in Figure 4-3.
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ρbulk
(g/cm3)

1.49
1.55
1.48
1.43
1.48
1.44
1.41
1.42
1.72
1.54
1.39
1.39
1.49
1.46
1.54
1.47
1.59
1.62

Sample

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18

2.69
2.7
2.71
2.68
2.67
2.69
2.7
2.74
2.7
2.69
2.58
2.66
2.69
2.67
2.64
2.71
2.71
2.7

Gs
18.04
15.39
13.16
16.56
17.99
16.09
18.84
9.04
10.24
17.63
11.37
12.01
20.24
14.19
13.33
13.38
12.97
15.73

wn (%)
1.26
1.34
1.31
1.23
1.25
1.24
1.19
1.31
1.56
1.31
1.25
1.24
1.24
1.28
1.35
1.3
1.41
1.4

ρdry bulk
(g/cm3)
22.7
20.6
17.2
20.3
22.5
19.9
22.4
11.9
16
23.2
14.2
14.8
25
18.2
18.1
17.3
18.3
22.1

θ (%)
0.006
0.006
0.013
0.05
0.024
0.015
0.006
0.0525
0.07
0.018
0.256
0.03
0.0048
0.006
0.0178
0.0108
0.013
0.0037

D50 (mm)

Table 4-1 CRS footprint soil properties
Clay
content
(%)
34.5
36
22
18.5
22
23.5
35.5
6.5
10
12
20.5
18.25
33
31
24
32
23
39
SCL
SCL
SL
L
SL
SL
C
SL
L
SL
SL
SL
SCL
SCL
SL
C
SL
SCL

Soil
Texture

ɸ
0.53
0.5
0.52
0.54
0.53
0.54
0.56
0.52
0.42
0.51
0.52
0.53
0.54
0.52
0.49
0.52
0.48
0.48

e
1.13
1.02
1.08
1.19
1.13
1.17
1.27
1.10
0.73
1.05
1.07
1.14
1.18
1.09
0.95
1.09
0.92
0.92

Figure 4-3 Soil texture triangle, USDA

The sampling shows that the average gravimetric water content of the footprint is 0.148
g/g at the specified dates, and the dry bulk density is 1.304 g/cm3; from Equation 4.4
N0 is determined as 1440.6.

4.1.4 Volumetric Soil Moisture Data from CRS
The COSMOS project research revealed that the previously mentioned field
calibration of the CRS provides a long-term calibration stability of more than 4.5 years.
Because vegetation includes a smaller amount of hydrogen, and the vegetation density
changes seasonally, the effect of the vegetation in the retrieved data is not significant,
and it already had been taken into consideration in the field calibration procedure
(Zreda et al. 2012).
The installed CRS measures hourly neutron intensity values, and the real-time soil
moisture data has been obtained since November 2016. In Çakıt basin, there are four
meteorological stations (Figure 3-7) and rainfall data were used for indicating the
variations in CRS measurements with respect to rainfall (Figure 4-4). Since the CRS
measurement is sensitive to other hydrogen reserves, in winter times, the
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measurements did not reflect the correct soil moisture distribution, due to snow cover
in the area. Its influence was observed particularly for, the data obtained for dates
between 30.12.2016 to 21.02.2017. The average air temperature was measured as
-3.23 ˚C and the average snow depth was recorded as 67.5 cm at the nearby
meteorological station for this duration. It is obvious that this significant amount of
the snow influence was noticeable in the CRS measurements; the deduced soil
moisture data were abruptly increased to values which are higher than 60% at these
dates. These moisture data were dominated by the snow cover are shown with the red
circle in Figure 4-4.

44

45

Soil moisture (θ), Air temp (˚C)

‐20.00

0.00

20.00

40.00

60.00

80.00

100.00

CRS soil moisture

Figure 4-4 Rainfall, air temperature, the CRS soil moisture data
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4.2

Installed Water Content Reflectometry (CS-616)

A water content reflectometer, four soil temperature probes and one heat flux plate (as
a part of Eddy Covariance Open Path System, Figure 3-7) were installed at an elevation
of 1464 m in the CRS measurement area for acquiring point-scaled soil moisture data,
continuously. These devices are manufactured by Campbell Scientific, Inc., and their
product names are CS-616, TCAV Averaging Soil Thermocouple Probe, and HFP01
Soil Heat Flux Plate, specifically. While CS-616 detects soil water fluxes for 2.5 cm
depth, temperature probes provide average soil temperature data for 2 cm and 6 cm
depth. Moreover, the heat flux plate was buried at a depth of 8 cm (Figure 4-5)

Figure 4-5 Installation scheme for water content reflectometer, soil temperature probes
and heat flux installation scheme

The CS-616 consists of two stainless steel rods, which are placed with 3.2 cm spacing,
and an epoxy encapsulated circuit board. These rods are 30 cm in length and 0.32 cm
in diameter (Figure 4-6).
46

The main working principle of the soil moisture sensor is that an electromagnetic pulse
is propagated along the steel rods, and the propagation velocity is dependent on
dielectric permittivity details are explained in Section 2.2.5. As water has the highest
dielectric permittivity among all soil components, the CS-616 is sensitive to changes
in soil water content. The travel time of the electromagnetic pulse between two rods is
the main measurement. In other words, this soil moisture sensor does not measure soil
moisture directly; instead, it measures the travel time period, and the moisture value is
calculated by the default standard second-degree calibration equation (Equation 4.11).

Figure 4-6 Water content reflectometer, CS-616

It is known that the soil moisture sensor should be calibrated specifically for the insitu soil type of interest (Varble and Chávez 2011). In this study, laboratory calibration
was performed to obtain more accurate point-scaled, continuous soil moisture data.

4.2.1

Laboratory Calibration Procedure of CS-616

The water content reflectometer was calibrated specifically for the soil type under
investigation, and for the calibration, a disturbed soil sample was collected from the
field.
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4.2.1.1 Materials Used in the Lab Calibration
 Data logger connected to CS-616 to show the measured time period and default
calculated volumetric water content
 No.4 Sieve
 PVC specimen container, with the dimensions of 10 cm diameter and 35 cm
height
 Special sub-sample container
 Precision balances
 Oven at 105˚C and 450 ˚C

4.2.1.2 Calibration Procedure
The collected soil samples were passed through a 4.75 mm sieve (No.4 sieve
according to the ASTM D 6913/ D6913M-17 (2017) standard) and after that it was
oven-dried at 105˚C for 24 hours. This fully dried soil sample was mixed with water
gradually until it reached its liquid limits. In other words, the sample was wetted with
a certain amount of water and the application was stopped when the sample has
reached to plastic behavior. At each wetting stage, water has been mixed
homogenously, and a PVC specimen container has been filled with the unsaturated
soil sample (Figure 4-7). This specimen has 1.3 g/cm3, which is less than the limit bulk
density value for operating CS-616 successfully. The measurement of bulk density at
each stage and the filling procedure was carried out with three compaction steps. In
addition, at these stages, CS-616 measurements were conducted, and the sub-soil was
taken, individually. These sub-samples were oven dried at 105˚C for 24 hours, in this
way wet and dried sub-sample mass is known. As a result, the gravimetric water
content, and by using the specified bulk density volumetric water content values were
calculated. Since the working principle of CS-616 is based on the return period of the
electromagnetic wave, at each step, the duration of the time period of the measurement
was obtained.
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Figure 4-7 Homogeneously wetting (a), CS-616 measurement (b)

This laboratory procedure was conducted at nine stages. Table 4-2 summarizes the
results from these nine stage. It is obvious that there is an oscillating difference
between calculated and measured volumetric water content values.
Calculated water content values and measured return time period values were plotted
together - see Figure 4-8. This plot was used to update the standard calibration
equation, Equation 4.11, of the CS-616 with change in constants specifically, and the
calibration equation was calculated and it is given in Equation 4.12. Figure 4-9
demonstrates standard and calibration equation curves.

θ =+0.0007×period 2 -0.0063× period-0.0663

(4.11)

θ =-0.0016×period2 +0.1031×period-1.2939

(4.12)
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Table 4-2 Calibration values of the CS-616

SubSample
1
2
3
4
5
6
7
8
9

moven-dry
(gram)
119.12
110.93
94.33
181.68
168.64
168.88
97.42
179.03
113.24

mwater
(gram)
2.14
3.73
7.35
32.38
39.96
45.74
27.55
51.99
36.58

Volumetric Water
Content
(%)
2.29
4.23
9.39
19.66
24.89
27.70
28.65
29.25
31.73

Direct CS-616
Reading
(%)
3.86
6.25
9.15
12.52
20.26
26.16
24.17
33.43
50.88

Volumetric water content

0.35
0.3
0.25
0.2
0.15
0.1
0.05
0
0

5

10

15

20

25

30

Time period (microseconds)

Figure 4-8 Calibration equation of the installed CS-616
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Figure 4-9 The site-specific calibration and the standard curves of the CS-616

Organic matter has an impact on the performance of CS-616 measurement due to the
possibility that it might be highly polar. That means it affects travel time periods
directly. In this study, gravimetric organic content was obtained. To do this, two subsamples were oven-dried at 105˚C for 24 hours, after that they were kept at 405 ˚C for
more than one hour (ASTM D 2974 2014). Therefore, organic contents were calculated
gravimetrically for each sub-sample, and their average was the organic content of the
in-situ soil, that is 3.074%. The organic matter percentage is quite small, hence its
effects can be ignored.
It is known that the CS-616 measurement is sensitive to changes in soil temperature,
so it should be corrected according to the temperature (Varble and Chávez 2011). In
this study, the water content reflectometer was installed with soil temperature probes
which provide continuous, real time temperature data with the same measurement
interval. The correction was carried out by using Equation 4.13.
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τc Tsoil =τuc + 20-Tsoil *(0.526-0.052*τuc +0.00136*τuc 2

(4.13)

where Tsoil is the soil temperature, τuc is the standard time period and τc is the corrected time
period.

4.2.2

Volumetric Soil Moisture Data from the CS-616

When the corrected time period values are calculated by using Equation 4.13 and these
values are inserted into the calibration equation (Equation 4.12), more reliable soil
moisture data have been obtained from the CS-616. Retrieved data from the CS-616
for a year is shown in Figure 4-10. The default measurement data underestimates the
soil moisture variation and the difference between the calibrated-corrected data and
the uncalibrated measurements is more obvious at higher soil temperature values.
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Figure 4-10 The CS-616 default data, corrected and calibrated data
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4.3

Electrical Resistivity Imaging (ERI) and Frequency Domain
Reflectometry (FDR) Data Acquisition

Electrical resistivity imaging (ERI) is a geophysical method commonly used for
hydrological characterization of the subsoil, and its details are explained in Section
2.2.7. In this study, this technique was used for estimating water content variation in a
2-D shallow unsaturated zone within the footprint of the CRS, and to do this a field
campaign was conducted in August 2017.
Ares – Automatic Resistivity System, which is the product of GF Instruments, and an
intelligent cable with 40 stainless steel electrodes were used for resistivity surveys in
the field (Figure 4-11). The system features provide 2D/3D multi-electrode resistivity
with the current up to 5.0 A and 20MΩ input impedance.

Figure 4-11 Ares- Automatic Resistivity System and intelligent cable

The resistivity method was conducted with 16 resistivity profiles for different
locations in dates between 17-22 August, 2017. These locations have been selected
according to the soil sampling points which had been analyzed earlier in order to
calibrate the CRS. In that sampling, 108 undisturbed samples were collected at 18
54

locations from the top 30 cm of soil, and soil physical properties were revealed; such
as soil texture and D50 particle size (Section 4.1.3
Table 4-1). In other words, as shown in Figure 4-12, the midpoints of 15 of these
resistivity profiles were located at the soil sampling points, but only one profile
covered the two sampling locations, and one sampling point was not found proper to
perform a resistivity survey for. It is assumed that soil physical properties are uniform
through the profile length and for shallow depth, around 3 m.

Figure 4-12 Locations of sample points and ERI profiles (17 - 21 Aug 2017)

During resistivity data acquisition in the field, ERI profiles were located both in and
outside of the region of the footprint used for agricultural purposes (Figure 4-13).
Generally, there are young cherry trees in these regions, and drip irrigation is used
mostly in summer time period. In addition, soil texture and clay content vary profile
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to profile. Table 4-3, Table 4-4 and Table 4-5 show classification of ERI profiles
according to land use, soil texture, and clay content, respectively.

Figure 4-13 ERI profiles; outside of the agricultural part (a), inside of the agricultural
part (b)

Table 4-3 Land use classification of profiles
Land use type

Profile name
ERI 2, ERI 3, ERI 4, ERI 5, ERI 7, ERI

Natural vegetation

9, ERI 10
ERI 1, ERI 8, ERI 6, ERI 12, ERI 13,

Agricultural

ERI 14, ERI 15, ERI 16, ERI 11
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Table 4-4 Clay content percentage classification of profiles
Clay Content (CL) Percentage

Profile name

5% < CL < 20 %

ERI 7, ERI 9, ERI 11

20 % < CL < 30%

ERI 1, ERI 3, ERI 8, ERI 12, ERI 13,
ERI 16

30% < CL <40%

ERI 2, ERI 4, ERI 5, ERI 6, ERI 14,
ERI 15

Table 4-5 Soil texture classification of the profiles
Soil Texture

Profile name

Silt-Loam

ERI 1, ERI 3, ERI 7, ERI 8, ERI 10,
ERI 11, ERI 13, ERI 16, ERI 12

Silt-Clay-Loam

ERI 2, ERI 4, ERI 5, ERI 15

Clay

ERI 6, ERI 14

Loam

ERI 9, ERI 12

15 out of 16 resistivity profiles, covering one soil sampling point each, were surveyed
with 0.50 m electrode spacing with Wenner-Schlumberger and Wenner-Alpha
electrode geometry array (Knödel et al. 2007) along a length of 19.5 m; the other
profile (ERI 12) survey was conducted for 39 m profile length with 1 m electrode
spacing and the same electrode arrays were used. These electrode geometry
configurations are commonly used for investigating water content in shallow
unsaturated zones in field studies (Brunet et al. 2010; Cassiani et al. 2006b).
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Schlumberger and Wenner-Alpha geometry arrays give a soil section coverage, which
is around 1/5 and 1/6 of the maximum electrode distance between the first (C1) and
the second (C2) current electrodes, respectively. Consequently, each of the 19.5 m
resistivity profiles provide resistivity variation data for a maximum depth of 3 meters
within an acceptable accuracy range. The longer profile provides resistivity
characteristics to around 7 m depth.
During the survey, soil moisture data were collected concurrently by using a frequency
domain reflectometry (FDR) instrument; this is CS-616 water content reflectometer
(WCR), which is the product of Campbell Scientific Company, and the data logger of
the probe provided simultaneous soil moisture data in the field. If a CS-616 probe,
which is described in Section 4.2, is buried vertically into the soil, it gives an average
soil water content value for 30 cm depth with ∓ 2.5 % accuracy for a soil medium
which has a bulk density of lower than 1.55 g/cm3, and volumetric water content value
between 0% and 50 % in the medium.
Point-scaled soil moisture data were collected along with the CS-616 at the beginning,
at the end and at seven additional points with 2.5 m intervals along resistivity profiles.
This measurement scheme is presented in Figure 4-14. Therefore, nine point-scaled
soil moisture data were collected for resistivity profiles individually. However, owing
to some problems in FDR measurements; such as highly compact soil, only six profiles
could be surveyed with both these methods simultaneously. These are: ERI 1, ERI 2,
ERI 6, ERI 8, ERI 11, ERI 12. Measured FDR values are summarized in Table 4-6.
Based on these measurements, soil moisture data took values between 8.60 % and
29.53 %, the average value is 18.07 % for the dates 17-21 August, 2017. To qualify
FDR measurements, water content values for the midpoints of ERI 1, ERI 2, ERI 6,
ERI 8 and ERI 11 profiles were evaluated in the lab analysis (Section 4.3.2.1).
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Figure 4-14 Sketch of the electrode and the CS-616 measurement locations in the
resistivity survey line

Table 4-6 FDR soil moisture measurements (%) along resistivity profiles
# electrode

ERI 1

ERI 2

ERI 6

ERI 8

ERI 11

ERI 12

1
5
10
15
20
25
30
35
40

24.07
21.75
19.45
20.67
22.98
22.66
25.88
20.44
18.22

17.13
8.60
11.47
11.47
12.50
15.74
16.66
23.99
22.03

10.84
10.35
10.57
10.97
8.93
11.28
9.80
10.91

25.01
27.83
17.82
21.87
17.56
17.71
18.96
19.96
16.81

19.11
17.82
20.02
16.31
19.19
21.05
29.53
18.52

21.25
21.75
26.47
13.52
11.73
24.07
20.51

4.3.1 Inversion Procedure and Interpretation of Inverted Resistivity Data
Measured resistivity values, i.e. apparent resistivity values, are interpolated to create a
so-called pseudo section which is an arrangement of the resistivity variation in 2-D.
Since soils do not have homogeneous structure, inversion of this pseudo-section is
required for calculating the true electrical resistivity and the corresponding true depth
values (Maillet et al. 2005).
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In this study, Res2DInv was used for inverting the collected resistivity data for each
profile and electrode geometry configuration individually. This software is widely
used in resistivity surveys (e.g. Andrade 2011; Dannowski and Yaramanci 1999;
Garambois et al. 2002; Groves et al. 2011; Maillet et al. 2005). Res2DInv was
developed by Loke and Barker (1996), and it is based on the smoothness constrained
least-square method (Sasaki 1992).
Each electrode array provides data with different sensitivity in terms of vertical and
lateral resolutions and depth of investigation. Therefore, there are differences between
data provided by Wenner-Schlumberger and Wenner-Alpha electrode configuration
(Samouëlian et al. 2005). Two configurations were performed for each profile
consecutively in this study. In addition, a combination of these electrode geometry
data is helpful for mapping the resistivity variation by using all advantages of these
configurations.
As Res2DInv is not capable of inverting the combination of different electrode
geometry array data, another inversion software, ProfileR, was used. ProfileR was
developed by Prof. Dr. Andrew Binley for electrical resistivity distribution imaging.
Its inversion routine is built on a regularized objective function combined with
weighted least squares (Binley 2003).
Resistivity data inverted by both these two different software were mapped for
visualizing the true resistivity variation in 2-D. ProfileR inversion results are smoother
and make it easier to follow the general trend in subsoil resistivity properties. For
instance, Figure 4-15 shows inversion outputs produced by Res2DInv and ProfileR.
All inversion results are shown in Appendix B.
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Figure 4-15 ERI profile 1 (Aug 2017) inversion results; Wenner-alpha via Res2DInv (a), Wenner-Schlumberger via Res2DInv (b),
combined electrode geometry via Profile R (c)

As mentioned earlier, ERI profiles were located both in and outside of the cherry trees
planted in a certain part of the CRS footprint. It is obvious that agricultural activities
might lead to local minimal relative differences in resistivity variation. This can be
observed easily in ERI 8, ERI 11 and ERI 13 (Appendix B). Moreover, the effect can
be easily recognized from the comparison of ERI 10 and ERI 11 profiles. Their soil
texture is the same; that is, silt-loam, and while ERI profile 10 has noticeable smooth
horizontal layers with varying resistivity values, ERI profile 11 exhibits local
anomalies in the upper part, since it is located in the cultivated area. On the other hand,
in ERI 6, even though the upper part of the soil section shows high resistivity, it is
quite thin. The deeper parts of the soil section of ERI 6 are more conductive, and also
have the highest conductivity values among all profiles. The reason for this can be the
soil texture, because the soil in that profile has the highest clay content. In ERI profile
14, the upper and the deeper parts are more resistive; thus, between the two resistive
layers, there is a relatively conductive soil layer. It should be highlighted that the soil
type of the profile is clay as well. Furthermore, the soil texture and the agricultural
impacts have been observed in ERI 9, the soil type of which is loam, and it was located
in area covered with natural vegetation. The variation of the resistivity of layers are
more uniform than the profiles which were located in the agricultural part of the study
area, and the conductivity differences in the layers can be identified easily.
In short, for all resistivity profiles, it was observed that the study area is typically
conductive. There is also a general trend for all profiles such that the upper part of the
soil is more resistive, and below that, the deeper layers have a more conductive nature.
While electrical resistivity imaging (ERI) is an indirect technique for deducing soil
moisture values, frequency domain reflectometer (FDR) measurements provide
simultaneous average water content values for the upper 30 cm of soil. There is an
opportunity to compare measured water content values with corresponding measured
resistivity data for the six resistivity profiles in this study.
As the Wenner-Schlumberger configuration is sensitive to vertical resistivity variation,
it was used for the comparison of FDR measurements and bulk resistivity values. Since
FDR provides point-scaled data, measured bulk resistivity values, which were inverted
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by Res2DInv for depths of 13 and 38 cm, were used to see how FDR measurements
are correlated with ERI surveys. Figure 4-16 shows that these two distinct types of
data distribution in the study area. Although the relationship between soil moisture and
bulk electrical resistivity of soil is should be negative, these data has positive trend.
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Figure 4-16 Measured resistivity data with respect to FDR measurements

4.3.2

Resistivity Data Conversion

Electrical properties of each soil component; namely air, water and solid particles, are
different from each other. Therefore, the nature of each of these constituents directly
influences electrical resistivity variation in the soil. Particle size, mineralogy, porosity,
degree of saturation, solute concentration in pore water and temperature are the factors
affecting the resistivity variation. However, water content and dissolved salt presence
are the dominant ones among these factors, since electrical current is based on the
movement of ions in pore water (Samouëlian et al. 2005). The relationship between
electrical resistivity - or conductivity- of soil media and water content is typically
investigated through empirical equations. One of these empirical equations is Archie’s
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Law, which has been implemented in many studies (e.g. Binley et al. 2002; Brunet et
al. 2010; Turesson 2006).
In this study, Archie’s Law was used for revealing the relationship between water
content and measured resistivity data. Archie’s Law is an empirical equation, and it
was originally developed for the petroleum industry. It is widely used for relating the
bulk electrical resistivity, pore fluid and the solved ion concentration; i.e. pore
solution, and soil textural properties. It was enhanced for sandy soils (i.e. nonconducting matrix), and it was developed by Archie (1942) for two cases, which are
fully filled pores (saturated state) and partly filled pores (unsaturated state).

 Saturated state
(4.14)

ρ o =Fρw

where F is a formation factor which is mainly based on particle size and physical
characteristics of the soil, ρ o is the resistivity of saturated sand, ρ w is the resistivity
of pore solution. Archie’s studies showed that Equation 4.14 can be written as:
ρ o =ρw ϕ-m

(4.15)

where ϕ is porosity, and m is an experimental parameter which is called cementation
index.
 Unsaturated state
ρ=ρo S-n

(4.16)

where ρ is the resulting resistivity of unsaturated sand,
saturation index.
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is saturation degree, and n is

Since conductivity is the reciprocal of resistivity, the relationship between saturation
degree, porosity and water content can be expressed for unsaturated soil as follows,
which is called as generalized Archie’s Law :

σ=σw ɸm Sn

(4.17)

In this study, pore water conductivity was assessed with laboratory analysis, and
saturation and cementation index were calculated to implement Archie’s Law for the
study area. The ranges of these Archie’s index and the pore water conductivity were
analyzed to reveal the impacts of these parameters on the ERI data conversion
procedure.

4.3.2.1 Pore Water Conductivity Analysis
Pore water conductivity is essential for the interpretation of soil resistivity, and it is a
requirement for the application of Archie’s Law. It can be measured in the field by
drilling a borehole (e.g. Dannowski and Yaramanci 1999; Salem and Chilingarian
1999), but this procedure is invasive and expensive. In this study, pore water
conductivity values of each resistivity profile was determined with the assistance of
lab analyses.

i. Pore Water Extraction Analysis
In the literature, laboratory analyses have been resorted to by many researchers for
obtaining pore water. For example, Shah and Singh (2005) obtained pore water
solution with the help of prepared soil specimens. They mixed the soil with different
amounts of distilled water, and stored in airtight glass containers for 24 h in the
humidity- and temperature-controlled room. After that, they extracted pore water by
applying one-dimensional pressure on the specimen.
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In addition, there is a standard test method for pore water extraction and determination
of the soluble salt content of soils by a refractometer (ASTM D4542-15 2015). This
method is applicable only to fine-grained soils which have water content values equal
to or greater than approximately 14%. Similarly, in this method, one-dimensional
pressure is applied to the soil specimen for extracting pore water. However, an
undisturbed soil sample must be collected to get the pore water conductivity, which is
the representative in-situ pore water conductivity value, hence it is not easily
applicable.
As stated before, between 17 – 22 August, 2017, electrical resistivity measurements
were carried out in 16 different profiles, matching with the locations of 17 of the CRS
soil sampling points. Disturbed soil samples from the top 5 cm (Figure 4-17) were
collected from the midpoint of these resistivity survey profiles at the same dates.
However, due to some difficulties; e.g. excessively-compacted soil or large vegetation
root presence at the site, soil samples were collected at only 12 of the resistivity
profiles. These samples were used for the preparation of test samples.

Figure 4-17 Disturbed soil sampling in August 2017

The assessment of the pore water conductivities for the resistivity profiles was carried
out with the help of laboratory analysis, consisting of three main parts: preparation of
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soil samples, curing, extraction and electrical conductivity (EC) measurement of the
pore water. Soil samples were prepared according to in-situ bulk density values which
were determined from the sampling done in December 2016. For each resistivity
profile, five test specimens were prepared, and each specimen was 5 cm in height and
5 cm in radius, and five sheets of filter paper were placed to the bottom and the top of
each specimen. The filter paper has 11μm pore size and 180 μm thickness. These
samples were fitted in consolidation test cells which were filled with distilled water,
and the distilled water-filled glass tubes are connected to the test cells individually.
After that, specimens were stored for 72 hours in a humidity- and temperaturecontrolled room (Figure 4-18). The samples were saturated with distilled water only
by soaking the bottom and top surfaces at constant temperature and humidity
conditions. Brunet et al. (2010) showed that if the soil is saturated with osmosed water;
i.e. low mineralized water for more than 50 hours, the pore water resistivity value
reaches to a constant value; and in this analysis, the cure time was selected as 72 hours.
The cured samples were inserted in a consolidation set-up to apply one-dimensional
pressure (Figure 4-19). After that, the pore water was extracted with the help of a
syringe. For each resistivity profile, pore water values for more than three soil
specimens were extracted, and electrical conductivity (EC) values were measured with
Exstick II EC sensor, which is the product of EXTECH Instruments Company (Figure
4-20). Before the EC measurements, the sensor was calibrated with three different
standard calibration solutions; 84 μS/cm, 1413 μS/cm, 12880 μS/cm in the laboratory.
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Figure 4-18 Soil sample (a), consolidation cell with the sample (b), cure procedure (c)

Figure 4-19 Consolidation test setup
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Figure 4-20 Pore water conductivity measurement by the EC probe

The results of the extraction are summarized in Table 4-7. The pore water conductivity
values changed between 654 μS/cm and 2290 μS/cm. Although most of these pore
water conductivity values are less than 1200 μS/cm, ERI 2 has pore water conductivity
value much more greater than 1200 μS/cm. One-point soil sampling might have caused
this order of magnitude, so this value was not taken into consideration, as a result the
most upper pore water conductivity value is selected as 1223 μS/cm (ERI 14). The rest
of these values are plotted with respect to clay content (Figure 4-21), and the plot
shows that pore water conductivity is not directly related to clay content.
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Figure 4-21 Estimated pore water conductivity with respect to clay content

Table 4-7 Estimated pore water conductivity values and clay content information
Resistivity
Profile Name

EC (μS/cm)

˚C (EC)

Clay Content, CL (%)

ERI 1

916

20.3

24

ERI 2

2290

19.8

31

ERI 3

875

19.7

23

ERI 4

1152

19

39

ERI 5

983

19.7

33

ERI 6

832

18.7

32

ERI 7

659

18.3

18.25

ERI 8

654

19.7

20.5

ERI 11

1190

18.6

12

ERI 14

1223

18.9

35.5

ERI 15

687

18.6

34.5

ERI 16

1098

19.1

22
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During the lab analysis, not only pore water conductivity was determined, but also,
gravimetric and volumetric water content of the disturbed samples were determined
by using soil -phase relationships equations (Section 4.1.3). These calculations were
used for checking the quality of CS-616 measurements which were conducted at the
mid-points of the resistivity profiles for ERI 1, ERI 2, ERI 6, ERI 8 and ERI 11. There
is a direct correlation between the measurements and lab calculations except one point
(Figure 4 22).

Figure 4-22 Calculated water content in the lab by using soil phase relationships and
conditions and CS-616 measurements

ii. Saturation Index (n) and Cementation Index (m) Calculations
Saturation index (n) values were very close to 2, cementation index (m) was calculated
around 1.3 for clean unconsolidated sands in Archie’s research. Furthermore, m has
taken larger values ranging between 1.8 and 2.2 (Archie 1942). Saturation index (n)
value has been adopted as 2 generally (Dannowski and Yaramanci 1999). However,
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experimental studies of Ullrich and Slater (2004) showed that it can be a value in the
range of 1.0 to 2.7.
Later studies showed that Archie’s equation is applicable for various soils with the
cementation index ranging from 1.2 to 4.0 (Friedman 2005). In addition, the typical
range is between 1.5 and 2.5 for most sedimentary rocks, and for granular sediments,
it is generally less than 1.5 (Garambois et al. 2002).
Even though typical ranges are defined for m and n parameters in literature, the
cementation index varies widely from soil to soil or formation to formation, because
m is affected by lithology, porosity, compaction degree, and cementation (Salem and
Chilingarian 1999). Thus, it should be specified for the study area, and it has been
estimated with least square fitting in some studies (e.g. Binley et al. 2002b; Wehrer et
al. 2014).
In this study, representative m and n values for the footprint have been obtained. To
fit m and n parameters to Archie’s Law, six resistivity profile data with corresponding
FDR soil moisture measurements have been used. For the profiles where FDR
measurement could not be performed, the cosmic ray sensor soil moisture probe (CRS)
data have been used. Equation 4.17 has been iteratively solved with 0.001 increments
for m and n ranges, 1.3 to 3 and 1 to 2.7, respectively, to calculate the optimum m and
n values, which has the minimum root mean square error for the calculated bulk
conductivity. Soil properties; such as particle size, porosity, clay content and examined
pore water conductivity in these six resistivity profiles have been compared to the
average values for the footprint. The comparison shows that the profile which has the
closest values to the average values could be used, since its soil properties are
representative of the entire footprint. As a result, m has been selected as 1.57 among
calculated values changing between 1.308 and 2.31. Also, calculated n values vary
between 1.023 and 2.638, and the values obtained is 1.152 from the selected profile,
which has the representative soil physical properties for the study area. In short, the
most representative m and n values have been found for the cosmic ray sensor
measurement area.
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4.3.2.2 Archie’s Parameters and Pore Water Conductivity Range
Pore water conductivity values and representative Archie’s indices for the study area
were determined from lab analyses and mathematical operations. The ranges of these
values were used to understand the relationship between soil moisture and bulk
conductivity. By using Archie’s Law, Equation 4.17, with the estimated m and n
values, the lower and upper ranges of pore water conductivity were calculated.
It is observed that the determined values graph is different than an expected sample
of Archie’s curve (Figure 4-23).The soil moisture measured by FDR and
corresponding conductive values are plotted on the same figure (Figure 4-24), and
here, μS/cm as the unit of conductivity has been used. Moreover, the same equations
by using the average pore water conductivity range of Archie’s index were plotted with
FDR measurements in Figure 4-25 and Figure 4-26. However, Figure 4-24 shows that
there is no remarkable relationship between FDR measurements and bulk conductivity.
In addition, the clay content does not show a significant impact on the scattering of the
water content data. Furthermore, Archie’s indices have a huge variation for the study
area. These findings reveal that the ERI method has limited sensitivity in this study
area.

Figure 4-23 Expected Archie’s equation curve with random values (Lecture notes of
Prof. Dr. Andrew Binley)
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FDR measurements
● CL = 12 % - 20.5 %
● CL = 24%
● CL = 31% -32 %
σw =654-1223 μS/cm
ɸ = 0.44 – 0.56
m = 1.57
n = 1.152

Figure 4-24 Pore water conductivity range and FDR measurements
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FDR measurements
● CL = 12 % - 20.5 %
● CL = 24%
● CL = 31% -32 %

σwavg = 933 μS/cm
ɸ = 0.44 - 0.56
m = 1.57
n = 1.023 - 2.638

Figure 4-25 Saturation index (n) range and FDR measurements
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FDR measurements
● CL = 12 % - 20.5 %
● CL = 24%
● CL = 31% -32 %
σwavg = 933 μS/cm
ɸ = 0.44 - 0.56
m = 1.308 – 2.31
n = 1.152

Figure 4-26 Cementation index (m) and FDR measurements
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CHAPTER 5

DISCUSSION OF THE RESULTS

5.1

Summary

This study aimed to estimate soil moisture by using a range of techniques spanning
different spatial scales in Çakıt basin in the south of Turkey. Some complexities are
observed in the geological formation of the test basin, considering the soil formation
the common soil type is brown forest soil. The site properties; namely, average
gravimetric water content and dry bulk density are 0.148 g/g and 1.304 g /m3,
respectively, and they were used to determine the site-specific calibration parameter
of the CRS probe, N0, which is equal to 1440.6. Other attributes of the soil are; the
average bulk density (1.495 g/cm3), D50 (0.033 mm), the average porosity (0.51) and
the dominant soil texture is silt-loam. Two ground-based instruments provided
continuous soil moisture data in point-scale and plot-scale separately, and electrical
resistivity surveys, which provide the intermediate-scale measurements, were
conducted in order to characterize the unsaturated shallow zone with respect to soil
water content variation.

5.2

Evaluation of the CRS and the Installed CS-616 Measurements

Cosmic ray sensor (CRS) and water content reflectometry (WCR) - CS-616 - were
employed to retrieve continuous soil moisture data. While the CRS has a footprint of
approximately 0.3 km2 in area, and measurement is sensible to a depth of 12 cm for
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saturated soils and 76 cm for dry soils, the installed CS-616 measured water flux for
2.5 cm in depth at point-scale.
Data obtained from the CRS were corrected according to changes in atmospheric
pressure, atmospheric water vapour and the intensity of incoming neutron flux. N0
method was performed to calibrate the neutron counts site-specifically. Since CRS
measurement principle bases on the thermalization of fast neutrons by hydrogen atoms,
which are generally exist as water form in soil, it is affected by other hydrogen sources.
In this study, it was observed that in winter times, particularly when the average snow
depth is more than 65 cm, the CRS measured the soil moisture content unrealistically.
For example on 12.02.2016, the volumetric water content and the snow depth were
recorded as 17.34 % and 0.4 cm respectively. After the snow depth has increased to
80.7 cm, the obtained soil moisture value from the CRS was 76.29 %. This influence
continued up to mid of the February when the average air temperature has started to
increase above 0oC. Figure 5-1 presents snow depth amounts and snow depth influence
on the CRS measurement.

CRS measurement

Air temperature
‐20
‐10
0
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20
30
40
50
60
70
80
90
100
110

80
70
60
50
40
30
20
10
0
‐10

Snow depth (cm), Air temp. (˚C)

Soil moisture (%)

Snow depth

Figure 5-1 Snow depth, air temperature data and the CRS soil moisture measurement
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The CS-616 was calibrated and corrected with respect to site-specific soil properties
and soil temperature; as a result, the unique calibration equation was determined for
the in-situ soil type of interest. It is known that CS-616 is sensitive to the changes in
temperature, hence the correction procedure helped to minimize the sensitivity. The
correction equation (Equation 4.13) is provided by the manufacturer (Campbell
Scientific 2012). The equation counts the evaporation effect when the soil temperature
is higher than 20˚C. During summer times, the soil temperature values rise to 30 ˚C in
the study area, for example the daily values for August 2017, the calibrated
measurements overestimate the moisture content, but the correction procedure reduces
the soil water content with taking into the evaporation account (Figure 5-2).
Furthermore, the high amount of organic content can affect the operation efficiency of
the dielectric permittivity based methods. In this study, the gravimetric organic content

Calibrated measurement

Soil temperature

Calibrated and corrected measurement

25.000
23.000
21.000
19.000
17.000
15.000
13.000
11.000
9.000
7.000
5.000

35.000
30.000
25.000
20.000
15.000
10.000
31‐08‐17

29‐08‐17

27‐08‐17

25‐08‐17

23‐08‐17

21‐08‐17

19‐08‐17

17‐08‐17

15‐08‐17

13‐08‐17

11‐08‐17

09‐08‐17

07‐08‐17

05‐08‐17

03‐08‐17

5.000

Soil temp (˚C) and soil moisture (%)

Default measurement

01‐08‐17

Soil moisture (%)

was determined as 3.074 %, the effect of which can be neglected.

Figure 5-2 The CS-616 default measurement, calibrated measurement, calibrated and
corrected measurement and soil temperature data
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The continuous soil moisture data deduced from these two installed instruments and
the rainfall data are presented in Figure 5-3. The increment pattern in soil moisture
during the rainfall events that have occurred in the basin have been recorded similarly.
On 05.11.2017, 31.24 mm rainfall was recorded, and this event led to an immediate
increase of volumetric water content (VWC) by around 4.4 %, 4.28% and 5.41% for
the CRS, CS-616 default, calibrated and corrected CS-616 measurements respectively.
The comparison of the values for the day before the event and after the event is
summarized in Table 5-1. The default measured soil moisture data by the CS-616 were
closer to the CRS data, and the corrected and calibrated CS-616 measurements
overestimated the soil moisture content. However, it is highlighted that since the CS616 measures at more shallower depth - 2.5cm- than the CRS - 12 cm to 76cm- the
response to the rainfall event can be expected to be more. Additionally, while CRS
provided the area-average data, the CS-616 measured at point-scale; hence the
differences in soil moisture values obtained from these two instruments are acceptable.

Table 5-1 Rainfall event and the corresponding soil moisture change

Date

Rainfall
(mm)

VWC
(CRS)

VWC

VWC

(%)

(Default CS-616)
(%)

(CS-616 )
(%)

04.11.2017

0

10.76

8.52

13.67

05.11.2017

31.24

15.16

12.8

19.08

06.11.2017

0

21.62

22.71

31.46
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Figure 5-3 Soil moisture data retrieved from the installed instruments; CS-616 and CRS
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It is known that; even though CS-616 is calibrated and corrected with respect to soil
temperature, it cannot provide highly precise data, due to the low frequency of the
operational electromagnetic wave of this instrument. Lower frequencies lead to
measurement capabilities with less sensitivity for WCR instruments (Kelleners et al.
2005). In comparison with the soil moisture data obtained from the CRS, the CS-616
(calibrated and corrected) overestimates the soil moisture and the amount of rainfall
influence the changes between the measured soil moisture values. However, the
difference is not larger than 12% (5-3 and 5-4).
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Figure 5-4 Difference between soil moisture data retrieved from CRS and CS-616
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5.3

Evaluation of the Electrical Resistivity Imaging (ERI) Surveys

Electrical resistivity surveys were carried out to acquire the variation of the water
content in 3 m depth along 19.5 m profiles, within the CRS footprint; in this way, the
soil moisture condition was investigated with three different spatial scales.
Soil moisture was measured by CS-616 concurrently. The simultaneous point-scaled
measurements were evaluated in the laboratory studies to ensure good data quality.
These CS-616 measurement values were found out to be generally within the data set
provided by the installed instruments at the specified dates. Also, the average bulk
density of the study area is less than 1.55 g/cm3, which is a constraint for the WCR
data accuracy prescribed by the default standard calibration equation. However, the
CS-616 data were taken into consideration cautiously, because of data accuracy
limitations. Besides, the instrument is not easily applicable to stiff and hard soil. When
the instrument put into the soil, it cannot be inserted easily, and the parallel rods can
become misshaped. This means that, the usage of CS-616 at the field studies is not
convenient for all soil types. On the other hand, if the instrument is buried horizontally
in the soil, and the position of rods with respect to each other is conserved, it provides
more reliable VWC data.
Archie’s Law was implemented to investigate how bulk resistivity of the soil and water
content are interconnected to each other. Pore water conductivity values were
determined at the end of the laboratory procedure for each resistivity survey line
location. The pore water conductivity values were attained without being directly
influenced by the clay content distribution in the field, and it changes between 654 and
1223 μS/cm for the samples analyzed. Although exact pore water conductivity value
cannot be determined easily, this laboratory analysis provided a range for the pore
water conductivity value.
There are generally adopted values of the Archie’s indices according to soil type in the
literature (for instance Friedman (2005) summarized the values of the indices ).
However, these indices are site-specific values, and they change from soil to soil.
Particularly the lithology, porosity, the compaction degree influence the cementation
index. For this reason, the determination of the indices specifically is critical for the
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Archie’s Law implementation. In this study, Archie’s cementation index, m, and
Archie’s saturation index, n, were iteratively calculated; and these parameters were
determined as 1.57 and 1.152, respectively. It should be highlighted that, all physical
properties of the soil such as porosity, soil texture, and the pore water conductivity
values, were adjusted for deeper layers of soil than sampling depth, 30 cm. Therefore,
the average porosity value, which was found as 0.51, is higher than that for the deeper
soils; and it can limit the efficiency of the empirical equation which was originally
developed for deeper zone investigations in oil industry. Additionally, Archie’s Law
based on non-conducting soil, i.e. neglecting soil surface conductivity, however, the
nature of the solid particles of the study area contains clay, hence, neglecting surface
conductivity is the main reason having the limitations of application of ERI by using
Archie’s Law.
Archie’s Law was utilized individually for the highest and lowest values of the pore
water conductivity, the cementation and the saturation indices. As a result, the solution
boundary of possible result combinations of the empirical equation was assessed.
Nevertheless, most of the simultaneous point-scaled soil moisture measurements do
not fall into the possible solution set of the implementation; only 24% of the FDR
measurements were in agreement with the results of the empirical equation.
Since clay content influences the bulk electrical conductivity of the soil, the VWC
measurements were classified according to the clay content of the corresponding
survey line. For this study area, no significant relationship between the clay content
value and the VWC measurements was revealed.
It is obvious that, not only water content and clay content but also soil texture, particle
size, porosity, salinity, pore water conductivity and temperature control the bulk
electrical conductivity of the soil; and for this study area, the water content cannot be
identified as a major factor for the electrical resistivity variation.

84

CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

Soil moisture measurements are important for determining particular hydrological
state conditions, soil hydraulic parameters and soil water fluxes. Each soil moisture
measurement technique has its own drawbacks and advantages; for that reason, a
combination of these techniques offers advantages for the determination of soil
moisture conditions. In this study, three different techniques were combined,
particularly cosmic ray sensor probe (CRS), water content reflectometer (CS-616) and
electrical resistivity imaging (ERI) to estimate soil moisture at multi-scale both in time
and space.
In this chapter, the conclusion of this study is drawn under Section 6.1, and
recommendations are provided in Section 6.2.

6.1

Conclusion

Indirect soil water content estimation methods require calibration. For this reason,
different approaches must be combined. In this study, the laboratory calibration of the
installed soil moisture sensors, laboratory analysis of the site-specific properties and
the field work were jointly conducted.
Comparison of the inverted resistivity data and the concurrent CS-616 measurements
revealed that the ERI has limited sensitivity in obtaining soil water content for the
study area. Although the bulk resistivity of soil is predominantly controlled by water
content, it is also modulated by the ion concentration in pore water and the textural
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properties of the soil. ERI as a geophysical method helps to characterize the subsurface
ground and give information to understand the soil structure.
Soil moisture data deduced from the CRS and the CS-616 instruments indicate that
these two different techniques can be used for supplementing each other for inferring
soil moisture changes in the near-surface. Differences between the data provided by
the CRS and CS-616 were not greater than 12%. Since the instruments have different
depth of investigation and measurement scale, this difference is acceptable. It is
observed that soil moisture changing trend was recorded by these two sensors
similarly. This study reports results from the first implementation of CRS in Turkey.
The results show great promise for using this sensor in monitoring soil water content,
including drought conditions.
Understanding the hydrological processes is still challenging. Data is needed but there
are still limitations of data collection methods in space and time scale to understand
the processes in detail. New techniques, good instrumentation at the field scale,
supported lab studies and modelling are needed to answer the research question of
“why” rather than “what”.

6.2

Recommendations

When the findings of this study are taken into account, the following suggestions can
be made, especially for the study area:
 New ERI measurements can be conducted at the same locations to observe the
resistivity variation in time. This may help to eliminate the current limitation
of the technique, because the reason of the time dependent resistivity changes
can be more useful to identify main driving force of the resistivity variation.
 Another soil moisture measurement method, which provides a scale range
similar to that of the ERI, can be used to understand influencing factors of the
resistivity variations.
 The applicability of ERI method to retrieve 2-D soil moisture at plot scale must
be tested in a resistive site.
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 CS-616 sensors can be deployed at different depths to monitor the soil moisture
changes in a profile. Hence the movement of the water in the soil can be
understood much better.
 As CRS measurements cover approximately 0.3 km2, the data can be used in
validation of remote sensing soil moisture products.
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APPENDIX A

GROUND- BASED STATIONS

Ground-based stations in Çakıt Basin is presented in Table A-1.

Table A-1 Ground-based stations in Çakıt Basin
Stat. name
Darboğaz Meteo
Stat.
Maden Meteo Stat.

Easting

Northing

(UTM 36)

(UTM 36)

Jul 2016-

637073

4149103

1580

Jul 2016-

643208

4145985

1790

Jul 2016-

642985

4153899

1246

1929-

631337

4156702

1453

Oct 2016-

632379

4153306

1464

Oct 2016-

632380

4153181

1459

Duration

Elevation(m)

Hasangazi Meteo
Stat.

Ulukışla Meteo
Stat

Eddy Cov. Open
Path System

Cosmic Ray
Sensor (CRS)
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Table A-1 Ground-based stations in Çakıt Basin (cont’d)
Stat. name
Darboğaz Discharge
Observ. Stat.
Alihoca Discharge
Observ. Stat.

Çakıt Discharge Observ.
Stat.

Easting (UTM

Northing

36)

(UTM 36)

Oct 2016-

638836

4152598

1286

Oct 2016-

654275

4153322

983

Oct 2016-

654265

4153354

974

Duration

100

Elevation(m)

APPENDIX B

INVERSION RESULTS OF ERI SURVEY PROFILES

In this study ERI data were inverted by using Res2DInv and ProfileR program. All
inversion results were mapped into 2-D and these are as follows:
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102

Figure B-6-1 ERI 1 (Aug 2017) inversion results; Wenner-alpha via Res2DInv (a), Schlumberger via Res2DInv (b), combined Wenner-alpha
& Schlumberger geometry via ProfileR (c)
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Figure B-6-2 ERI 2 (Aug 2017) inversion results; Wenner-alpha via Res2DInv (a), Schlumberger via Res2DInv (b), combined Wenner-alpha
& Schlumberger geometry via ProfileR (c)
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Figure B-6-3 ERI 3 (Aug 2017) inversion results; Wenner-alpha via Res2DInv (a), Schlumberger via Res2DInv (b), combined Wenner-alpha
& Schlumberger geometry via ProfileR (c)
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Figure B-6-4 ERI 4 (Aug 2017) inversion results; Wenner-alpha via Res2DInv (a), Schlumberger via Res2DInv (b), combined Wenner-alpha
& Schlumberger geometry via ProfileR (c)
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Figure B-6-5 ERI 5 (Aug 2017) inversion results; Wenner-alpha via Res2DInv (a), Schlumberger via Res2DInv (b), combined Wenner-alpha
& Schlumberger geometry via ProfileR (c)
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Figure B-6-6 ERI 6 (Aug 2017) inversion results; Wenner-alpha via Res2DInv (a), Schlumberger via Res2DInv (b), combined Wenner-alpha
& Schlumberger geometry via ProfileR (c)
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Figure B-6-7 ERI 7 (Aug 2017) inversion results; Wenner-alpha via Res2DInv (a), Schlumberger via Res2DInv (b), combined Wenner-alpha
& Schlumberger geometry via ProfileR (c)

109

Figure B-6-8 ERI 8 (Aug 2017) inversion results; Wenner-alpha via Res2DInv (a), Schlumberger via Res2DInv (b), combined Wenner-alpha
& Schlumberger geometry via ProfileR (c)
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Figure B-6-9 ERI 9 (Aug 2017) inversion results; Wenner-alpha via Res2DInv (a), Schlumberger via Res2DInv (b), combined Wenner-alpha
& Schlumberger geometry via ProfileR (c)
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Figure B-6-10 ERI 10 (Aug 2017) inversion results; Wenner-alpha via Res2DInv (a), Schlumberger via Res2DInv (b), combined Wenneralpha & Schlumberger geometry via ProfileR (c)
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Figure B-6-11 ERI 11 (Aug 2017) inversion results; Wenner-alpha via Res2DInv (a), Schlumberger via Res2DInv (b), combined Wenneralpha & Schlumberger geometry via ProfileR (c)
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Figure B-6-12 ERI 12 (Aug 2017) inversion results; Wenner-alpha via Res2DInv (a), Schlumberger via Res2DInv (b), combined Wenneralpha & Schlumberger geometry via ProfileR (c)
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alpha & Schlumberger geometry via ProfileR (c)

Figure B-6-13 ERI 13 (Aug 2017) inversion results; Wenner-alpha via Res2DInv (a), Schlumberger via Res2DInv (b), combined Wenner-
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Figure B-6-14 ERI 14 (Aug 2017) inversion results; Wenner-alpha via Res2DInv (a), Schlumberger via Res2DInv (b), combined Wenneralpha & Schlumberger geometry via ProfileR (c)
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Figure B-6-15 ERI 15 (Aug 2017) inversion results; Wenner-alpha via Res2DInv (a), Schlumberger via Res2DInv (b), combined Wenneralpha & Schlumberger geometry via ProfileR (c)
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Figure B-6-16 ERI 16 (Aug 2017) inversion results; Wenner-alpha via Res2DInv (a), Schlumberger via Res2DInv (b), combined Wenneralpha & Schlumberger geometry via ProfileR (c)

