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Abstract
Soil water content is a key variable for understanding and modeling
ecohydrological processes. In this chapter, we review the state of the art of
ground-based methods to characterize the spatiotemporal dynamic of soil water
content, from point to field scale. First, point measurements methods are briefly
discussed. Then, field-scale hydrogeophysical approaches such as ground-pene-
trating radar, ground-based L-band radiometry, electromagnetic induction, elec-
trical resistivity tomography, cosmic-ray neutron probes, global navigation
satellite system reflectometry, and nuclear magnetic resonance are described in
more details. The basic principles of the different techniques, the spatial and
temporal characteristics of their measurements, their advantages and limitations,
as well as the recent developments in the data processing are presented.

Keywords
Soil moisture · Spatial variability · Temporal variability · Modeling ·
Hydrogeophysical methods

Introduction

Soil water content (SWC) is a soil physical state variable which is defined as the
water contained in the unsaturated soil zone or vadose zone. Knowledge of soil water
content is essential, as it represents a key variable in many hydrological, climato-
logical, environmental, and ecohydrological processes. In hydrology, SWC plays a
major role in the water cycle by partitioning rainfall into runoff and infiltration and
by controlling hydrological fluxes such as groundwater recharge. Soil water content
is also a key variable of the climate system, as it governs the energy fluxes between
the land surface and the atmosphere through its impact on evapotranspiration
(Seneviratne et al. 2006, 2010). In addition, soil water availability influences plant
transpiration and photosynthesis and, therefore, has an important effect on the
biogeochemical cycles (Jonard et al. 2011a).

Determining the temporal and spatial variability of SWC is hence essential for
many scientific issues and applications (Famiglietti et al. 2008). In that respect, a
large number of SWC sensing techniques have been developed and used in the last
50 years (e.g., Robinson et al. 2008; Vereecken et al. 2008). The standard reference
method to determine SWC is the gravimetric technique, which consists of extracting
soil samples from the field. The samples are then weighted before and after drying in
an oven at 105 �C during 24 h to derive their water content. The amount of water in
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the soil is typically expressed as volumetric [m3 of water per m3 of soil] or
gravimetric [g of water per g of soil] water content. The gravimetric method is the
only direct measurement technique, but many other techniques are available to
estimate SWC. Two categories of soil moisture measurement techniques are often
distinguished: contact-based (or invasive) and contact-free (or proximal/remote
sensing) methods, depending on whether the methods require or not direct contact
with the soil. The measurement techniques can also be classified, according to their
spatial extent, as point measurement or field-scale measurement methods. Hereafter,
the classification based on the spatial extent will be used.

Point Soil Water Content Measurement Methods

The most common point SWC measurement methods are the electromagnetic (EM)
methods, which include time- or frequency-domain reflectometry (TDR or FDR),
time- or frequency-domain transmissometry (TDT or FDT), as well as capacitance
and impedance methods. The EM techniques are based on the dependency of the soil
dielectric permittivity on the SWC. As the dielectric permittivity of liquid water
dominates the dielectric permittivity of other soil components, water is the principal
factor governing EM wave propagation in the soil.

The TDR measurement principle is based on the propagation velocity of guided
EM waves emitted by a pulse generator and propagated along the waveguides of the
TDR probe into the soil. The propagation velocity is determined from the measured
travel time along the TDR probe (with a known length) which is dependent on the
soil electromagnetic properties (Robinson et al. 2003). Similar to TDR, TDT sensors
measure the propagation velocity of EM waves, but, in this case, the EM waves
propagate along a closed transmission line. The measurement principle of the
capacitance sensor is to incorporate soil medium that surrounds the sensor prong
as part of the dielectric of the sensor capacitor. The permittivity of the soil is then
determined by measuring the charge time from a starting voltage to a voltage with an
applied capacitor voltage. Typically, capacitance and impedance sensors operate at a
frequency between 50 and 150 MHz, while TDR/FDR and TDT/FDT sensors
operate at higher frequencies. TDR/FDR and TDT/FDT sensors are then considered
to be more accurate as their soil measurements are expected to be less influenced by
the electrical conductivity and the imaginary dielectric permittivity of the soil.

All these instruments can perform continuous nondestructive measurements
of SWC over a wide range of soils and with a very high temporal resolution.
However, they are all invasive methods, which are restricted to local observation
areas (< 1 m2), and may not be representative of the soil moisture variability within
the field.

Other point SWC measurement methods are also available, such as neutron
probes, which are based on the estimation of the number of hydrogen nuclei in
soils; heat pulse sensors, which are based on the estimation of soil thermal proper-
ties; and fiber optic sensors, relying on the attenuation or reflection of a light signal in
the soil or the characteristics of hydrophilic polymers.
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Wireless Sensor Network

More recently, an emerging technology, the wireless sensor network using cluster of
point SWC measurement sensors, appeared as a promising approach to monitor
SWC over large areas and with a high temporal resolution, which is particularly
useful for observing ecohydrological processes (Bogena et al. 2010; Jin et al.
2014b). However, given the small support scale of the sensors, i.e., the area or
volume integrated by an individual measurement, and the relatively large spacing
between them, these networks do not allow to reveal the local-scale SWC patterns.

Because of the multitude of SWC measurements within the sensor network, the
interpretation of the sensor signal should be straightforward and unambiguous as
possible. Also, the cost of the SWC sensors should be reasonably low in order to
maximize the number of sensor nodes. Capacitance and FDR sensors are relatively
inexpensive and easy to operate and have been found to be a promising choice for
SWC measurements with wireless sensor networks. A multitude of wireless commu-
nication technologies have been used for the development of wireless sensor networks,
e.g., ZigBee, Bluetooth, Wibree, and Wi-Fi (Aqeel-ur-Rehman et al. 2014). The
ZigBee wireless communication technology (IEEE 802.15.4) is mostly used for
wireless sensor networks due to its low-cost and low-power consumption property.
Typically, three different components are present in a wireless network application: a
coordinator that initiates the wireless links within the network, router devices that pass
data within a network, and the sensor nodes, which can host one or more sensors.

Recent applications of wireless sensor networks include monitoring of soil
moisture combined with salinity in irrigated fields to optimize irrigation manage-
ment (Yu et al. 2013), spatiotemporal observation of SWC in forested sites
(Rosenbaum et al. 2012), and validation of remote sensing data (Bircher et al. 2012).

Field-Scale Hydrogeophysical Methods

Hydrogeophysical methods such as ground-penetrating radar (GPR), ground-based
microwave (L-band) radiometry (MR), electromagnetic induction (EMI), and elec-
trical resistivity tomography (ERT) are increasingly used to characterize the subsur-
face at the field scale.

Recently, novel promising geophysical technologies such as the use of cosmic-ray
neutron probes (CRNP), global navigation satellite system reflectometry (GNSS-R),
and nuclear magnetic resonance (NMR) have also been investigated to characterize
the SWC variability at the field scale.

Ground-Penetrating Radar

Ground-penetrating radar (GPR) is a geophysical method that uses the propa-
gation of EM waves in the subsurface. The propagation can mathematically be
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described by Maxwell’s equations. In common practice, GPR uses a transmitter
antenna (Tx) which emits electromagnetic waves. These waves are interacting
with the surrounding medium and scattering; reflections and refractions of the
wave can occur (Fig. 1a). The resulted signal can be sensed via a receiving
antenna (Rx). The material properties affect the velocity and the attenuation of
the EM wave. The electromagnetic wave velocity (v) depends on the relative
dielectric permittivity (er), whereas the attenuation (α) of the wave is related to
the electrical conductivity (σ) of the medium through which the wave travels.
The magnetic permeability (μ) is often simplified to the value in free space
(μ0 � 4π 10�7 H m�1). For high-frequency ( f > 105 Hz), low-loss, and non-
magnetic materials, the permittivity and the electrical conductivity can be
expressed by

er ¼ c

v

� �2
(1)

and

α ¼ σ

2

ffiffiffi
μ

e

r
(2)

where c is the speed of light in free space (�3 108 m s�1). For convenience, er is often
used, whereas it is described by er= e/e0 with e the absolute dielectric permittivity of the
medium (F m�1) and e0 the free space dielectric permittivity (e0 � 1/36π 10�9 F m�1).
The geophysical responses caused by changes in permittivity and/or electrical conduc-
tivity can be linked to hydrogeologically relevant variables and soil properties such as
SWC, porosity, water salinity, permeability, fluid content, pore structure, clay content,
soil texture, and lithological variations. Due to the large disparity of the relative dielectric
permittivity of air (er = 1), soil minerals (er = 3–5), and pure water (er = 80 at 20 �C),
permittivity can be used to determine the water content or porosity (in the case of a
saturated medium) in the vadose zone or an aquifer. For example, wet sand has a
permittivity range of 20–30, whereas completely dry sand has a permittivity range of
3–5. In contrast, the attenuation of the EM wave depends strongly on the electrical
conductivity of the medium, which can give indications about clay content or the pore
water salinity (Davis and Annan 1989). Therefore, GPR is well in providing soil water
content and furthermore well suited to monitor infiltrations and recharge processes of
aquifer systems and the critical zone.

Another important aspect of GPR is the frequency of the used antenna. Most
available GPR systems are using a center frequency ( fc) between 10 MHz and
3.6 GHz. The frequency corresponds to the dominant wavelength (λc) of the signal
and can be described by

λc ¼ v

f c
: (3)
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The attenuation of the wave is combination of the electrical and the scattering
losses and increases with increasing frequencies (Jol 2009). Lower frequencies have
a larger wavelength and can penetrate deeper (depending of the attenuation),
whereas higher frequencies have a smaller wavelength and less penetration but a
higher resolution.

For measuring with GPR, several different configurations can be applied: surface,
crosshole, and off-ground GPR. In the last decades, all of these methods have
become more and more popular and showed a high potential to derive SWC at
different scales. Before we discuss these different configurations, the petrophysical
relationships that can be used to derive SWC from GPR data are described.

Petrophysical Relationships for GPR and Other Electromagnetic
Methods
To obtain porosity or SWC from the permittivity and electrical conductivity distri-
bution, soil petrophysical relationships are necessary. There are numerous empirical
petrophysical relationships that can be used to obtain SWC from permittivity data.
One of the most common ones relating permittivity to SWC is the Topp equation
(Topp et al. 1980) given by

θv ¼ �5:3 10�2 þ 2:92 10�2er � 5:5 10�4er2 þ 4:3 10�6er3 (4)

where θv is the volumetric water content in m3 m�3. This equation uses a third-order
polynomial function fitting observed laboratory permittivity responds of sand and
loam soils under different soil water contents using TDRs. There are several other
relationships available based on the Topp equation (overview by Steelman and
Endres 2011). Nevertheless, this model is often inaccurate for clay- and organic-
rich materials. A more theoretical approach to obtain soil water content from
permittivity is the dielectric mixing model. Thereby, the permittivity of the bulk
material (ee) is related to the volume fraction and the permittivity of each of the soil
components in the system (e.g., Steelman and Endres 2011). The general form is
given by

eeð Þα ¼
Xn
i¼1

χi eið Þα (5)

where n is the number of dielectric components in the medium, α is the geometrical
fitting parameter, and χi is the volume fraction of the component i. Typically near-
surface soils can be described by a three-phase system using air, water, and soil
components under consideration of the soil porosity Φ

θV ¼ eeα � 1� Φð Þeαs � Φeαa
eαw � eαa

(6)

where ea, ew, and es represent the relative dielectric permittivity of the air, water, and
soil contributions, respectively.

34 F. Jonard et al.



This model can be extended to any number of known fractions in the soil, for
example, splitting the soil component into clay and sand contributions. Fully
saturated media can be described with a two-phase system using water and
soil contributions. The geometrical fitting parameter α can vary between �1 and
1. By using α = 0.5, the complex refraction index model (CRIM) is derived
(Birchak et al. 1974), which showed adequate results in many studies (e.g., Roth
et al. 1990):

ee ¼ θV
ffiffiffiffiffi
ew

p þ 1� Φð Þ ffiffiffiffi
es

p þ Φ� θVð Þ ffiffiffiffi
ea

p½ �2: (7)

Surface GPR
For surface applications of GPR, we discriminate between two acquisition types.
The common-offset (CO) reflection profiling survey, which is most widely used, has
a fixed spacing between transmitter and receiver antennas at each measurement
location (Fig. 1b). This technique allows fast mapping over large-scale structures.
Thereby, the reflected signal is measured, indicating changes of the geophysical
properties. Changes in reflection time and amplitude indicate variations in velocity
(permittivity), reflection coefficient, and attenuation (electrical conductivity). This
method is normally applied at straight lines or on rectangular grids allowing a 3-D
view. CO surveys provide radargrams displaying time versus distance. To convert
the time into depth, the velocity of EM waves in the near surface needs to be known.

Fig. 1 Schematic GPR measuring setups for surface and crosshole measurements. (a) Illustrates
the different wave types that can occur in a GPR survey. Surface measurement techniques are
displayed in (b) common-offset profiling and (c) common-midpoint profiling. (d) Shows crosshole
GPR measurements in the field, whereas (e) and (f) illustrate the zero-offset profiling and multi-
offset gathers measuring technique, respectively
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Common-midpoint (CMP) or wide-angle reflection and refraction (WARR) mea-
surements can provide velocity information of the subsurface by varying the trans-
mitter and receiver spacing (Fig. 1c). For CMP measurements, the transmitter and
receiver antennas are moved with a fixed step size away from each other, while for
WARR, the transmitter antenna is fixed at a certain point, and the receiver antenna is
moved away or toward the antenna with a constant step size. Velocity semblance
analysis can be applied to convert the observed reflection travel time to velocity-
depth profile as well as to exploit the dielectric permittivity (Jol 2009). A definition
of the structural organization of soil and soil layering can just be carried out when the
contrasts in the physical properties is significant and the layer thickness is not too
small compared to the wavelength of the signal. The direct ground wave that travels
in the upper centimeters of the subsurface can be linked to water content using
petrophysical parameters (Fig. 1c, e.g., Huisman et al. 2003). For studying soil water
content over a large area, CO are suitable, whereas CMP or WARR acquisitions can
provide depth information and permittivity changes at specific points with a higher
resolution.

Recently, full-waveform developments are progressively done to obtain from
CMP or WARR permittivity, electrical conductivity and layer depth information
(Busch et al. 2012). The application of a full-waveform inversion (FWI) scheme can
reliably estimate the permittivity and the conductivity for the same sensing volume,
by analyzing reflected waves presented in surface WARR GPR. Busch et al. (2012)
proposed a full-waveform inversion based on 3-D frequency-domain solution of
Maxwell’s equations assuming a layered model of the subsurface and reliably
obtained permittivities, electrical conductivities, and layer depths. By obtaining
two physical parameters at the same time, an improved characterization of the
subsurface soil properties is possible.

Crosshole GPR
Crosshole GPR is minimal invasively and cannot be applied at large scale easily
because of the need of boreholes. Nevertheless it can provide a higher resolution and
insight in the medium than other techniques. For measuring bistatic cross-borehole
GPR, two different measuring techniques can be applied. Zero-offset profiling
(ZOP) is performed by systematically simultaneously lowering or rising the trans-
mitter and the receiver antennas stepwise to the same depth in two different bore-
holes (Fig. 1d–e). Thereby, a 1-D velocity profile of the medium in between two
boreholes can be achieved by assuming horizontally traveling ways and slowly
changing properties. In heterogeneous soils, not only a direct wave occurs but also
scattered waves caused by reflections and refractions at layer boundaries and
changes in physical contrast.

An improved, but more time consuming, measuring method is multi-offset gather
(MOG) shown in Fig. 1f. Thereby, the transmitter antenna is fixed at a certain
position in one borehole, while the receiver antenna is moved constantly to different
locations in another borehole. This is repeated for several positions of the transmitter
and guarantees that the medium between the boreholes is sampled by a large number
of rays with a larger number of angles. To improve the resolution, reciprocal
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measurements can be collected. MOGs are commonly applied for tomographic
inversion that is used to derive physical parameters in the subsurface from geophys-
ical data. Standard ray-based inversion methods applied to crosshole GPR data use
the first arrival times and the first cycle amplitude information of the measured
traces. These methods use only a small amount of the measured data, and therefore
their resolution is limited. In the presence of small-scale structures, for example,
related to high porosity zones, these methods often cannot provide sufficient good
results. To resolve such small-scale structures, a more sophisticated method is
necessary. In recent years, the full-waveform inversion of crosshole GPR data has
proven a high potential to resolve decimeter-scale structures that could not be
detected by standard ray-based methods (Klotzsche et al. 2012). The full-waveform
inversion is based on solving Maxwell’s equation and uses all the information
contained in the measured traces, including reflection and refraction events (Ernst
et al. 2007; Meles et al. 2010). This method has been applied to several different
aquifers in Germany (Güting et al. 2015), Switzerland (Klotzsche et al. 2013), and
the USA (Klotzsche et al. 2014) and showed high-resolution images of small-scale
structures. Comparison with porosity logging data confirmed the presence of the
resolved structures.

Off-Ground GPR
Similar to surface GPR, off-ground GPR is noninvasive and can be easily and fast
applied to measure field-scale SWC variations. Typically, the off-ground GPR
system is based on international standard vector network analyzer (VNA) technol-
ogy, thereby operating in the frequency domain, and an accurate 3-D modeling of
GPR wave propagation in the antenna-soil system (Lambot et al. 2004). The VNA
can be connected to an ultrawideband and highly directive horn antenna acting
simultaneously as transmitter and receiver (i.e., monostatic configuration). In gen-
eral, the penetration depth is less than for surface GPR. The method is also sensitive
to soil surface roughness as the EM wave reflection on the soil is dependent on the
surface roughness with respect to the wavelength of the EM wave. A distinction can
be made between smooth and rough surfaces based on the Rayleigh criterion
(hc = λ/8 cos(γ), where hc is the critical height of the surface protuberances, γ is
the incidence angle, and λ is the wavelength). However, soil surface roughness can
be accounted for in the inversion of off-ground GPR data for SWC retrieval by
combining a roughness model to the GPR model as proposed by Jonard et al. (2012).
This proximal sensing GPR method proved to be particularly appropriate for field-
scaleSWC mapping and monitoring at a high spatial resolution, due its rapidity and
to the air-launched configuration of the antenna (Minet et al. 2012; Jonard et al.
2013). Recently, off-ground GPR has also been successfully applied to characterize
forest litter (André et al. 2016).

Summarizing, GPR is able to provide SWC and detailed information about soil
properties. Thereby, different measurement techniques are possible, and new and
sophisticated inversion approaches are able to derive high-resolution images of the
subsurface and allow an improved understanding of the spatiotemporal variability of
SWC at different scales.
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Ground-Based L-Band Radiometry

Almost 35 years ago, it was suggested that soil water content could be retrieved from
remotely sensed thermal radiance received with an L-band (1–2 GHz corresponding to
vacuum wavelengths of 30–15 cm) radiometer (Schmugge 1985). The radiance Tp

B

(also referred to as brightness temperature) emitted from a terrestrial surface at
horizontal (p = H) or vertical (p = V) polarization depends on the effective temper-
ature TS of the soil and on the reflectivity R

p of the observed scene viaTp
B� TS (1�Rp).

Sensitivity of Tp
B with respect to volumetric SWC [m3 m�3] is established through Rp,

being dependent on the soil effective permittivity eS. The latter is a strong function of
SWC due to the marked contrast between the permittivity of free water (er � 80 for
frequencies significantly smaller than the relaxation frequency� 10 GHz) and dry soil
(er � 3 to 5) (see also section “Ground Penetrating Radar”). The just-mentioned
relationship allows the soil surface water content to be estimated from Tp

B measured
with an L-band radiometer by applying dielectric mixing (e.g., Dobson et al. 1985;
Mironov et al. 2009) and radiative transfer models (e.g., Mo et al. 1982; Wigneron et
al. 2007). Typically, L-band brightness temperatures Tp

B of a very dry bare soil can be
150 K higher thanTp

B for the same soil in its saturated moisture state. However, in many
cases, a number of more complex radiative transfer processes complicate the retrieval
of SWC from remote measurements of L-band brightness temperatures. For example,
parameterization of ground roughness is critical for the use of microwave radiometry
(MR) to achieve quantitative information on SWC, because soil roughness heavily
impacts L-band emission Tp

B and thus affects SWC retrieved from it.
However, L-band radiometry is the most adequate remote sensing technique to

monitor SWC since (i) passive L-band measurements Tp
B exhibit relatively large

sensitive volumes as a consequence of moderate absorption and scattering in natural
media such as soil, snow, and vegetation; (ii) impacts of soil surface roughness are
less distinct compared with passive measurements at higher frequencies and also
active measurements (radar) even at the same frequency; (iii) measurements Tp

B can
be performed at almost any time because the atmosphere is largely transparent at the
L-band and the Tp

B do not depend on sunlight; and (iv) the frequency range
1,400–1,427 GHz within the microwave L-band (1–2 GHz) is protected, which
means that distortions of measured Tp

B due to man-made radio-frequency interfer-
ences (RFI) are minimized.

At the plot scale, SWC can be monitored with ground-based L-band radiometers
mounted, e.g., on towers (de Rosnay et al. 2006; Guglielmetti et al. 2008; Schwank
et al. 2012; Jonard et al. 2015) or mobile platforms (Jonard et al. 2011b; Temimi et al.
2014). As examples, Fig. 2 shows the ETH L-band radiometer II (ELBARA II)
(Schwank et al. 2010) operated on a tower at the Mediterranean Ecosystem L-band
Characterization Experiment III (MELBEX III) field site in Spain (Schwank et al.
2012), and Fig. 3 shows the ELBARA II operated on an arc (at � 4 m height) in a
controlled setup consisting of a sand box surrounded by a wire grid at the Terrestrial
Environmental Observatories (TERENO) field test site in Selhausen, Germany
(Jonard et al. 2015).
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The technical specifications of the ELBARA II instrument can be considered as
typical for ground-based L-band radiometers in application to the detection of SWC.
As any L-band radiometer, it is a highly sensitive receiver for microwaves within the
frequency band ranging from 1400 to 1427 GHz. This frequency band has become a
protected radio astronomy allocation worldwide, in which it is forbidden to transmit
any kind of electromagnetic radiance. An RFI-free environment is mandatory to
measure brightness temperatures Tp

B emitted from terrestrial surfaces. However, the
restriction of the receiver sensitivity to the bandwidth B = 27 MHz of the protected
band implies that the received power level P = k T B � 0.11 10�12 W
(� �99.5 dBm) is very low (example for the observation of a black body at
temperature T = 300 K; k = 1.380658 10�23 J K�1 is the Boltzmann constant). To
reliably detect radiance of such extremely low power, the radiometer must be very
well temperature stabilized, and its residual noise (mostly caused by transmission
losses) must be kept as low as possible. Beyond that, the gain of the radiometer
microwave assembly must be very high (�80 dB), linear, and as stable as possible.

Fig. 2 L-band radiometer
ELBARA II mounted on a
tower at the MELBEX III site
in Spain used for the
calibration and validation of
Soil Moisture and Ocean
Salinity (SMOS) satellite
observations
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Furthermore, the radiometer must be equipped with at least two internal calibration
sources with known reference noise temperatures. This is needed to convert the raw
data at the output of the power detector into calibrated brightness temperatures Tp

B.
A further highly critical component of any L-band radiometer is the antenna

attached to the microwave receiver. In most cases, it features horizontal ( p = H) and
vertical ( p= V) polarization, with the highest possible insulation between the H and
V ports and lowest possible return loss. To allocate measurements Tp

B with a well-
defined footprint area, the antenna requires a high spatial directivity. This require-
ment is driven by the fundamental resolution limit defined by Abbe’s law of
diffraction, implying that the diameter d of the antenna aperture must be significantly
larger than the observation wavelength λ � 21 cm. For example, to achieve a
beamwidth (at �10 dB sensitivity with respect to its sensitivity along the main
direction) of Θ � � 12� around the antenna main direction, the required diameter of
the aperture is d � 1.4 m. To comply with these requirements, a suitable antenna is
necessarily rather bulky as can be seen in the example shown in Fig. 2. Of course,
spatial resolution of a ground-based passive L-band observation is not only given by
the antenna beamwidth Θ. The spatial extent of the footprint area at the ground
results from the projection of the sensitive cone of the antenna (with aperture angle
Θ) and the measurement configuration defined by the observation angle φ relative to
nadir, and the radiometer installation-height H above ground. For the example

Fig. 3 Controlled setup for
active and passive microwave
remote sensing studies at the
TERENO test site in
Selhausen, Germany. The
setup consists of an ELBARA
II radiometer mounted on an
arc and a sand box in the
center of a wire grid.
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shown in Fig. 2, the resulting footprint is an ellipse with long and short half-axes of
�12 m � 7 m corresponding to an area of �264 m2.

Temporal resolution of ground-based passive L-band measurements Tp
B can be

rather high (order of seconds). The limiting factors with respect to the temporal
resolution of SWC retrievals derived from Tp

B (φ) are given by the requirement of
multiangular measurements (e.g., 20� � φ � 60� in steps of 10�). Hence, the time
used to direct the antenna to the different elevation angles φ and the integration time
(e.g., 2 s) of measurements are the limiting factors for the temporal resolution of
retrieved SWC.

The use of multiangular brightness temperatures Tp
B (φ) measured at horizontal

(p = H) and vertical (p= V) polarization is of advantage to estimate SWC especially
for vegetated areas. It allows to disentangle radiative contributions associated with
SWC and vegetation properties such as optical depth τ and single-scattering albedo ω.
This is because of the qualitatively different impacts of SWC and vegetation on the
angular pattern of Tp

B (φ). In most cases, dense vegetation with high microwave
attenuation (corresponding to high values of optical depth τ) and possibly significant
volume scattering (corresponding to high values of single-scattering albedo ω) dimin-
ishes polarization difference, while polarization difference increases with increasing
SWC as the result of increasing Fresnel-like emission of the soil surface. However,
beyond the advanced physically based retrieval methodologies applied to estimate
SWC from Tp

B (φ) at L-band, a number of new approaches aiming to estimate other
relevant land surface parameters from Tp

B(φ) measured at L-band are currently under
development. For example, this includes the retrieval approaches applicable to the
(i) detection of annual soil freeze/thaw cycles across mid to high latitudes (Rautiainen
et al. 2014), (ii) estimation of snow mass-density (Lemmetyinen et al. 2016),
(iii) monitoring of drought and flooding events, (iv) estimation of soil hydraulic
properties (Jonard et al. 2015), and (v) estimation of vegetation water content linked
with retrieved vegetation optical depth τ (Lawrence et al. 2014).

Electromagnetic Induction

Electromagnetic induction (EMI) instruments measure contactless the bulk
soil electrical properties and are particularly working well in electrical conductive
environments, where the SWC, soil texture, salinization, fertilization, organic matter,
and/or the residual pore water contribute to the recorded apparent electrical conduc-
tivity (ECa). To estimate the SWC at the catchment scale with a high lateral
and vertical resolution, EMI instruments show a particular large potential because
of their mobile use that allows to measure relatively large areas in comparable
short time.

The EMI method was successfully used to measure and predict the temporal and
spatial SWC changes, where a linear relationship between ECa and SWC was
derived using data measured simultaneously over a period of 16 months along an
approximately 2-km-long transect (Sheets and Hendrickx 1995). The soil water
dynamics at a 4-ha-large deltaic zone were obtained by using repeated EMI
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measurements over several months to discriminate the time-invariant soil properties
(e.g., clay content) and the dynamic SWC changes to ECa. In addition, measure-
ments performed before and after a heavy rainfall event identified zones of water
depletion and accumulation (Robinson et al. 2009). In a subsequent EMI time-lapse
study performed in asemi-arid oak savanna catchment of 4 ha size, Robinson et al.
(2012) estimated the relative SWC changes by subtracting the areal ECa values of
the driest day from data collected during wetter phases. Consequently, (time-lapse)
EMI measurements provide important insights into the soil water distribution and
dynamical changes (Calamita et al. 2015) such that EMI surveys can preferably be
used over classical SWC measurements (e.g., gravimetric soil sampling and time-
domain reflectometry) because these methods are laborious when covering large
areas and deliver limited depth and sparse spatial point-scale information.

However, soil is inherently complex and many factors beside the soil water
content determine the geoelectrical properties such that a one-to-one relation of
ECa to a single soil constituent does not exist. For example, Zhu et al. (2010)
investigated a 19.5-ha-large agricultural test site and found that terrain attributes,
depth to bedrock, and management practices mask the effect of SWC on ECa
especially during dry states compared to wetter periods and at wetter locations.
Similarly, the spatiotemporal variability of SWC was found to be less significant on
ECa patterns compared to the stable soil properties (soil texture) as well as compared
to the electrical conductivity of the soil solution in clay-poor soils (Martini
et al. 2016).

The often site-specific correlations between ECa and some soil properties open
broad perspectives of EMI usages. In agricultural studies, EMI surveys were applied
to precision agriculture and to better understand soil-water-plant interactions
(Corwin and Lesch 2003). In soil science, EMI data were successfully used to
identify soil patterns andrelatively high correlations between ECa and clay content
were obtained, e.g., across the north-central USA (Sudduth et al. 2005). EMI data
were further used to predict soil constituents, e.g., organic matter (Altdorff et al.
2016) as well as to infer the water holding capacity of a watershed based on soil
textural prediction using ECa values (Abdu et al. 2008).

EMI instruments transmit a low-frequency ( f < 105 Hz) primary magnetic field
(HP) generated by an alternating current passing the transmitter coil (Tx). Due to
induction phenomena, HP induces eddy currents in an electrical conductive sub-
surface, which in turn generate secondary magnetic fields (HS), in electrical
conductive media (see Fig. 4a). The ratio of the superimposed HS over HP, i.e.,
HS/HP, is measured at the receiver coil (Rx) and related to the ground electrical
properties.

The recorded ECa, i.e., the output value of common EMI instruments, reflects a
weighted average value over the coil configuration-specific sensing depth or inves-
tigated soil volume. Recently developed fixed-boom multi-coil EMI instruments as
indicated in Fig. 4b use one transmitter and multiple receiver coils that are oriented
either horizontal coplanar (HCP), vertical coplanar (VCP), or perpendicular (PRP)
with coil separations s ranging between 0.32 and 4 m to investigate depths of
approximately 1.5 s, 0.75 s, and 0.5 s, respectively. For example, the CMD-
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MiniExplorer (GF-Instruments, Brno, Czech Republic) or the DualEM-421
(DualEM, Milton, Canada) carry three and six receiver coils, respectively. The
EM38 (Geonics Ltd., Ontario, Canada) houses a single Tx-Rx coil pair with
s = 1 m to investigate up to 1.5 and 0.75 m depth in HCP and VCP mode,
respectively, while also multifrequency EMI devices, e.g., GEM-2 (Geophex Ltd.,
Raleigh, USA), can be used to explore different depths.

Using fixed-boom multi-coil EMI instruments, researchers attempt to obtain
layered subsurface electrical conductivity models by using inverse-modeling
approaches. Reliable results are obtained when inverting quantitative values.
However, EMI measurements mostly record qualitative data because the induction
phenomena occur in all electrical conductive media such as the operator, cables, or
GPS systems surrounding the instrument, as illustrated in Fig. 4a. Quantitative
EMI-ECa values were recently obtained by introducing a post-calibration proce-
dure based on inverted electrical resistivity tomography (ERT) data (Lavoué et al.
2010). To calibrate the recorded EMI-ECa values for external influences close to
the instrument, linear regressions between measured and predicted ECa values are
performed, and the obtained multiplicative and additive regression factors can be
applied to large-scale EMI-ECa (von Hebel et al. 2014). The approach uses
collocated EMI and ERT measurements performed along relatively short calibra-
tion lines. The EMI instruments carried small (< 1.7 m) separated Tx-Rx coil pairs
sensing relatively small subsurface volumes that approximately match the ERT
information. The ERT delivers the subsurface electrical conductivity distributions,
which are inserted into an EMI forward model to predict ECa values along the
calibration line.

Fig. 4 (a) Principle of electromagnetic induction (EMI), where the transmitter Tx generates a
primary magnetic field that induces eddy currents in the subsurface, which in turn generates
secondary magnetic fields measured superimposed at the receiver coil Rx. Note that surrounding
media may generate additional secondary magnetic fields. (b) Shows the principle of multi-coil
EMI instruments that sense different overlapping depth intervals that depend on the coil
configuration
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The post-calibrated EMI data can be inverted quantitatively. The modeling in
EMI inversions are often performed using either cumulative response functions
(McNeill 1980) or a Maxwell-based exact electromagnetic forward model (EM-
FM) (Wait 1951), which can be implemented due to the available computational
power, to compute the response of a stratified earth to an EMI instrument.
In a combined global-local search, where the global search was performed
with the cumulative response functions and the local search used the exact
EM-FM, post-calibrated EMI data of multiple instruments were inverted to resolve
a two-layered earth along a 120-m-long transect (Mester et al. 2011). In addition,
they showed that the inversion of uncalibrated data returns unreliable results. This
work was adapted by von Hebel et al. (2014), who used the exact EM-FM in a
parallelized three-layer inversion scheme to obtain a quasi-3-D layered electrical
conductivity model of 1.1-ha-large test site. Their approach basically turned the EMI
usage from a proxy indicator toward a tool that quantitatively characterizes the
shallow subsurface at the catchment scale.

Large-scale EMI measurements were linked with satellite derived leaf-area
index (LAI) maps (Rudolph et al. 2015) showing that the deeper subsoil is mainly
responsible for plant performance especially under drought conditions. The ECa
maps indicated buried paleo-river channels; however only quantitative fixed-boom
multi-coil EMI data inversions reveal the depth of these channels. Here, we use the
inverse-modeling scheme of von Hebel et al. (2014) to invert the post-calibrated
CMD-MiniExplorer data of an approximately 3-ha-large agricultural field showing
prominent paleo-river channel structures. One structure runs approximately north-
south (N-S) through the middle of the field; the second prominent structure is a
westward running channel that seems to be connected to the N-S structure in the
northern part of the field. Two depth slices through the large-scale quasi-3-D EMI
inversion results are shown in Fig. 5.

In Fig. 5a, the depth slice at 0.1 m cuts the plowing layer, where a relatively
homogeneous soil and no paleo-river channels were present. The deeper slice at
1.5 m depth presented in Fig. 5b shows the prominent paleo-river channels with
larger electrical conductivities due to clay-rich material compared to the low
electrical conductive gravelly surrounding. In drought conditions, the paleo-river
channels still supply water due to higher water holding capacity of the finer-
textured soil compared to the generally sand- and gravel-dominated sediments.
The inversion results additionally provided new insight into the soil-plant inter-
action. Whereas linear regression between LAI and ECa of VCP coils with
s = 0.32 m obtained a coefficient of determination (R2) of 0.63, the R2 of LAI
and the inverted electrical conductivity (σ) of the upper layer was R2= 0.15. These
results indicate, from the EMI perspective, that the signal is more influenced by
material of deeper depths than estimated by the cumulative response definition
(that states that 70% of the signal originate in the coil specific sensing depth
(McNeill 1980)), i.e., 0.25 m or approximately the plowing depth for the VCP
coils with s = 0.32 m. For ecohydrological modeling purposes, inverted electrical
conductivities should be used instead of ECa to accurately characterize subsurface
processes.
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Electrical Resistivity Tomography

Whereas electrical resistivity tomography (ERT) was initially especially used for
exploration and at larger scales (geology, groundwater), it has become increasingly
popular for vadose zone research in the last decades (e.g., Samouelian et al. 2005)
since the commercial equipment has become more powerful and adapted to moni-
toring, the potential of inversion codes has improved, and computing power has
increased. Electrical monitoring has been used to monitor water fluxes and solute
transport under agricultural crops (e.g., Banton et al. 1997; Michot et al. 2003), show
interaction for water between different species (e.g., Garré et al. 2013), or measure
water depletion by trees (Cassiani et al. 2015). In addition to soil monitoring, it has
been used to measure water fluxes in tree stems (al Hagrey 2006). Nevertheless,
some difficulties still need to be resolved when ERT is applied at decimeter resolu-
tion in the soil-plant continuum: (i) lack of complementary measurement methods
and physically based models to take into account spatially variable bio-pedo-phys-
ical relationships, (ii) difficulties to resolve sharp contrasts due to smoothness-
constraint inversion (see below), (iii) lack of standardized methods to take into
account measurement and model errors and their temporal variation for monitoring
studies, and (iv) practical difficulties with electrode contact arising when measuring
under very dry conditions.

Electrical resistivity tomography is a technique which measures the bulk electri-
cal resistivity of the soil between electrodes. The bulk electrical resistivity

Fig. 5 Quasi-3-D inverted
EMI data, where x and y given
in UTM coordinates, zone
32 U, and z is the depth. (a)
Depth slice through upper
0.1 m roughly showed
homogenous soil. (b) Slice at
1.5 m depth, where buried
paleo-river channel structures
with larger electrical
conductivity values compared
to the surrounding material
were visible. Whereas the soil
is generally sand and gravel
dominated, the paleo-river
channels are characterized by
finer-textured, clay-rich, soil
having inherently a higher
water holding capacity to
supply plants especially under
drought conditions
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corresponds to the combined resistivity of soil particles, pore water, and air. A basic
measuring system consists of four electrodes (A, B, M, N), a transmitter, and a
receiver. The transmitter applies a quasi-DC current (I ) (i.e., rectangular pulses or an
AC current at low frequency to avoid polarization) to the ground using the electrodes
A and B, whereas the receiver measures the voltage (V ) between the electrodes M
and N (see Fig. 6).

Figure 7 shows some possible four-electrode arrays. Resistivity meters then give
a resistance (R) value for each combination of four electrodes, based on Ohm’s law
R = V/I.

For a tomography, more than four electrodes are used. During the measurements,
many different combinations of current and potential electrodes are used for injec-
tion and measurement. The electrodes can be inserted in the soil surface or at several
depths as borehole electrodes or a combination of both.

From the current, the voltage and a geometric configuration factor (k), the
apparent electrical resistivity (ρa) is calculated. The geometric factor depends
on the spatial arrangement of the four electrodes A, B, M, and N. Resistance
is an extrinsic property (i.e., depends on the way it is measured); resistivity is
an intrinsic property (i.e., depends only on the material in which the measurement
is performed). We call the obtained resistivity “apparent,” because it represents
the resistivity of a hypothetical, homogeneous medium, which will give
the same resistance value for the same electrode arrangement. The measured,
apparent resistivity is a weighted average of the resistivities of the various
materials that the current encounters. The closer the electrode spacing, the

Fig. 6 Basic concept of electrical resistivity measurement of the subsurface
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more of the current will remain close to the surface, and the more the apparent
resistivity value will be influenced by the properties and state of the material close
to the surface.

The vector form of Ohm’s law is the basis for resistivity studies:

J ¼ σE ¼ 1

ρ
E ¼ � 1

ρ
∇V: (8)

where J is the current density vector [A m�2], E is the electric field vector [V m�1],
V is the electric potential (V), σ is the conductivity [Ω m�1], and ρ is the resistivity
[Ω m]. The electrodes depicted in Fig. 6 are treated as point sources/sinks of current
flow. For surface electrodes, the total current (I ) flows across the surface of a half
sphere with area½(4πr2), with r the radius of the sphere, and thus Ohm’s law for one
electrode becomes

J ¼ I
1

2
4πr2
� � ¼ � 1

ρ

dV

dr
: (9)

Integrating this for constant resistivity yields the following equation for the
potential at a distance r from the electrode:

V rð Þ ¼ ρI

2πr
: (10)

Fig. 7 Four exemplary
standard electrical resistivity
electrode arrays with
corresponding geometric
factor
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In real field measurements, the resistivity is generally not constant, so this
expression actually corresponds to the earlier defined “apparent resistivity.” If we
now use this to express the potential at measurement electrodes M and N, we have to
superpose the potential of the two source electrodes A and B:

VM ¼ ρI

2π
1

AM
� 1

MB

� �
: (11)

where AM andMB represent the distances between the electrodes. The total potential
difference between the electrodes M and N is therefore

VMN ¼ VM � VN ¼ ρI

2π
1

AM
� 1

MB

� �
� 1

AN
� 1

NB

� �� �
¼ ρI

1

k
(12)

with k the abovementioned geometric configuration factor, which will yield a
specific value for a given electrode spacing (see Fig. 7). Note that this is true for a
flat surface. If an undulated topography is present, the configuration factor is
unknown and can only be assessed by numerical modeling using homogeneous
resistivity (Günther 2004).

Relation to State Variables
As stated before, the bulk electrical resistivity (and its reciprocal electrical conduc-
tivity EC) or “effective electrical resistivity” is the resistivity of the solid-water-air
system, which is the (un)saturated soil in ecohydrological studies. The apparent
electrical resistivity (ρa) in soil depends on the water content, pore water electrical
conductivity, soil porosity, surface conductivity of the solid particles as well as the
soil temperature. Hence, to derive soil water content from electrical resistivity
measurements, one must rely on a “pedo-electrical” function. Several of these
models have been elaborated with more or less complex approaches. Without aiming
at being exhaustive, we list some of these models here. A well-known EC model is
the empirical Waxman and Smits (1968) model based on Archie’s law (Archie
1942). In 1998 Revil and Glover proposed a more physically based model also
based on Archie’s law. Derived more in the context of agricultural soils, the
conceptual Rhoades et al. (1989) model relies on the assumption of two separate
parallel electrical pathways: a continuous pathway through large water-filled pores
and a series of coupled solid-liquid pathways.

The effect of temperature on ρa is often treated before applying a pedophysical
relationship to normalize the data to a reference temperature. There are two distinct
effects of temperature on soil bulk electrical conductivity: (i) the mobility of the ions
in the soil solution and (ii) the quantity of total dissolved solids (TDS) in the pore
water, which is an irreversible process. Most of the current models for temperature
correction of electrical resistivity correct only for this first factor. Ma et al. (2011)
gives an overview of temperature correction models. A temperature correction
model (to convert to a reference temperature T of 25 �C) which is often used in
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hydrogeophysical investigation is the equation developed by Campbell (1949):
σa-25 = σa-T/(1 þ α (T�25)), with α = 0.02 and σa the apparent electrical
conductivity.

Nevertheless, the available theoretical models often fail when used without site-
specific field calibration at field scale, and therefore, several researchers still prefer
empirical, site-specific approaches to quantify the pedophysical relationship for their
application. In those cases, SWC, electrical resistivity, and temperature are measured
simultaneously in the field over a wide range of conditions and in the different soil
horizons and used to establish a simple, empirical relationship (e.g., Michot et al.
2003; Garré et al. 2011).

Data Processing
The apparent resistivities of a 2-D survey are commonly visualized in the form of a
pseudosection. In this diagram, the horizontal location of the point is placed at the
midpoint of the set of electrodes used to make that measurement. The vertical
location of the plotting point is placed at a distance, which is proportional to the
separation between the electrodes. Following Edwards (1977), the vertical position
is placed at the median estimated investigation depth, or pseudodepth, of the
quadrupole used. This pseudodepth value is based on the sensitivity values or
Frechet derivative for a homogeneous half space. The color of the point represents
the apparent resistivity. A pseudosection gives a good idea of the true subsurface
resistivity distribution, but not of its exact spatial organization since the contours
depend on the type of array used and the true resistivity of the subsurface.

To determine the true resistivity of the subsurface, a mathematical procedure,
called “inversion,”must be carried out. The inversion procedure combines a forward
modeling routine able to simulate the electrical field in any spatial model of
resistivity distributions with a mathematical procedure to compare measured appar-
ent resistivity values with simulated apparent resistivity values and move toward a
model which suits the data well. In ERT studies, for the same measured data set,
there is wide range of models resulting in the same calculated apparent resistivity
values. To narrow down the range of possible models, some assumptions are made
concerning the nature of the subsurface that can be incorporated into inversion
subroutine. One common assumption is that smooth changes are more probable
than sudden changes, a principle that is applied in the conventional smoothness-
constrained inversion (de Groot-Hedlin and Constable 1990). Some commonly used
inversion codes are RES2DINV/RES3DINV (Loke and Barker 1996), R2/R3T
(Binley 2013), BERT (Günther 2004), and CRTOMO (Kemna 2000).

Spatial Extent, Resolution, and Sensitivity
In order to speak of the spatial extent and precision of ERT measurements, we first
need to define a few concepts: depth of investigation, resolution, sensitivity, and data
coverage.

Oldenburg and Li (1999) defined the depth of investigation (DOI) as the depth
below which data no longer constrain earth structures. In their method, they require
two successive inversions with different reference models to visualize regions of
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parameters only related to the choice of the reference model. The index tells you
how much the model is constrained by the data and how much by the regularization,
and Marescot et al. (2003) and Robert et al. (2011) followed similar approaches.
Since its value depends on the way it is computed, it should be considered as a
qualitative index indicating whether an anomaly is more likely to be data-related or
constraint-related. The DOI should not be confused with the pseudodepth, which is
described above.

Sensitivity is related to data coverage. The sensitivity matrix (S) shows how the
data set is actually influenced by the respective resistivity of the model cells, i.e.,
how areas of the imaging region are “covered” by the data (Kemna 2000). The
Jacobian or sensitivity matrix contains the partial derivatives of the model responses
with respect to the model parameters. A poorly covered region is likely to be less
well resolved, but it must be emphasized that good coverage does not necessarily
imply high resolution. Sensitivity and resolution are correlated but do not give the
same information.

Resolution is like the filter through which the inversion process sees the subsur-
face, so that the inverted model equals the resolution matrix (R) times the true
resistivity distribution. Ideally R is defined by an identity matrix so that the inverted
model equals the true distribution. However, this is never possible for a continuous
inverse problem with incomplete data (Friedel 2003). A complete description of how
R is computed can be found in Günther (2004).

These different quantities can either be obtained a priori using model simulations
of the object under investigations yielding probable resistivity distributions on
which different possible electrode arrays can be tested for their expected perfor-
mance (e.g., Garré et al. 2012). As such, an informed choice can be made in the
trade-off between measurement time, resolution, and measurement volume. A post-
eriori, these measures can be used to assess the reliability of the inverted parameters,
as pointed out by Caterina et al. (2013).

Perspectives
Recently, several authors have pointed out the potential but also the complexity of
using electrical measurements to characterize the root zone moisture and/or salinity
dynamics. Some authors claim to be able to use electrical measurements to localize
the root system. Many different types of pedophysical relationships have been used
to isolate one of these variables. However, in addition to inherent soil heterogeneity,
the presence of plant roots makes the soil a highly heterogeneous medium in space
(root architecture) and time (root growth, maturation, and decay) in which the
distribution of the electrical field and the bio-pedo-physical properties of the medium
are uncertain. On the one hand, researchers are digging into the potential of using the
distinct electrical signature of root tissue in order to map their presence noninva-
sively. Historically, botanists have explored electrical capacitance measurements.
Recently, the potential of induced polarization to map roots is being explored. On the
other hand, the spatial heterogeneity of the bio-pedo-physical relationship needs to
be taken into account. Typically, soil moisture or salinity values are obtained
applying one single pedophysical relationship for a given soil horizon, whereas it
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is clear that this relationship is heterogeneous even within one and the same horizon.
The use of (geo)statistical techniques taking into account spatial (co-)variance might
be a possibility. Nevertheless, it is not straightforward to obtain training images to
characterize the spatial structure of this relationship.

The classical inversion approach suffers from spatially and temporally varying
resolution and sometimes yields unrealistic solutions without uncertainty quantifi-
cation, making their utilization for hydrogeological calibration less consistent. The
inverse problem for electrical resistivity tomography is ill posed, and its solution is
therefore nonunique. A regularization is used to reduce the amount of mathematical
solutions to more “plausible” models. The most common regularization is the
smoothness constraint, which selects a “smooth” distribution of resistivities above
one with a lot of contrasts. However, the inversion can also be regularized using prior
information on the system under consideration in the inversion. Recently, the
addition of structural constraints in Occam’s inversion (smoothness-constrained
inversion) or the incorporation of geostatistical constraints has been implemented
successfully. Another option is to avoid the geophysical inversion and use process
models, e.g., a hydrodynamic physically based model representing the processes
governing the system under consideration, to invert directly for soil hydraulic or root
architectural parameters. This option is called a coupled inversion (e.g., Hinnell et al.
2010). However, the technique is difficult to apply in complex field cases and it
remains computationally demanding to estimate uncertainty. Prediction-focused
approaches (Hermans et al. 2016) might offer new perspectives circumventing the
necessity to invert the data by seeking a direct relationship between the data and the
subsurface variables we want to predict.

Cosmic-Ray Neutron Probes

Theoretical Background
Estimating and monitoring soil moisture at the appropriate spatial and temporal scale
has proven to be a difficult task (Bogena et al. 2015a). One promising geophysical
technique to help fill this need is the cosmic-ray neutron probe (CRNP) (Desilets et
al. 2010; Zreda et al. 2008), which measures the ambient amount of low-energy
secondary neutrons in the lower atmosphere. A detailed description of the CRNP
technique can be found in Zreda et al. (2012). Here, only the basic principles are
presented. A cascade of secondary neutrons with varying energy levels are created in
the earth’s atmosphere when incoming high-energy primary particles produced
within supernovae interact with atmospheric nuclei (Zreda et al. 2012; Köhli et al.
2015). The secondary high-energy neutrons continue to lose energy during numer-
ous collisions with nuclei in the atmosphere. Due to its higher density, soil effec-
tively slows neutrons further down. In the final near-surface neutron energy
spectrum, three different types of neutron energies are prominent (Köhli et al.
2015): highly energetic neutrons around 100 MeV, evaporation neutrons around
1 MeV, and low-energy neutrons which are in thermal equilibrium with the envi-
ronment (< 0.5 eV). Epithermal fast neutrons (in the following referred as “fast
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neutrons”) with energies between 0.5 eV and 100 eV are particularly sensitive to
energy loss by elastic collisions with light atoms like hydrogen. Since soil moisture
is one of the largest sources of hydrogen present in terrestrial systems, it largely
controls the presence of fast neutrons in the lower atmosphere (Zreda et al. 2012).
Thus, relative changes in the intensity of fast neutrons are strongly correlated to soil
moisture changes.

Design and Calibration of CRNP
The fast neutron intensity in the lower atmosphere can be measured by CRNP’s,
which are neutron detectors with a tube filled with helium-3 or boron-10 (enriched to
96%) trifluoride (10BF3) proportional gases at high pressure (Zreda et al. 2012). A
polyethylene shielding around the tube moderates fast neutrons to thermal neutrons
before they enter the detector tube, in order to increase the probability of them being
captured by the detector. Within the detector tube, fast neutrons that collide with
helium-3 or boron-10 nuclei produce electrons that induce pulses of electrical
current and which are counted by the detector. The size of the tube determines the
probability of collisions and thus the sensitivity of the CRNP to measure soil
moisture at higher temporal resolution (Bogena et al. 2013). The energies measured
by the bare tube comprise a continuous distribution which is heavily weighted
toward thermal neutrons (< 0.5 eV), with a small proportion of fast neutrons also
being detected (< 10%) (Andreasen et al. 2016). The moderated detector is more
sensitive to higher neutron energies (> 0.5 eV). Although the polyethylene shielding
effectively attenuates the influx of thermal neutrons, a large proportion of the counts
(approximately 40% of the thermal neutrons detected by the bare detector) still
originates from below 0.5 eV (Andreasen et al. 2016). Since neutron counts follow
Poissonian statistics, the measurement uncertainty of a given neutron intensity (N )
decreases with increasing neutron intensity according to N0.5.

Desilets et al. (2010) proposed a simple calibration function to relate fast neutron
intensity measurements to volumetric soil moisture:

θv ¼ ρbd a0
Ncorr

N0

� a1

� ��1

� a2

 !
(13)

where θv is the volumetric soil water content [m3 m�3]. Ncorr refers to the measured
fast neutron counts corrected for influences of atmospheric pressure and humidity
and variations in incoming cosmic radiation (see Zreda et al. 2012 for a detailed
discussion). The parameters a0 and a2 are divided by the dry soil bulk density ρbd
[g cm�3]. Using simulations of neutron transport for generic silica soils, Desilets
et al. (2010) derived a0 = 0.0808, a1 = 0.372, and a2 = 0.115 for values of
θ > 0.02 g g�1. Thus, only N0, representing the count rate over dry soil conditions,
needs to be calibrated.

This calibration function is not universal, because it depends on local soil and
vegetation characteristics reflecting the variation of background hydrogen levels
across landscapes (Zreda et al. 2012). To account for these influences, it needs to
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be fitted using soil samples taken within the footprint of the CRNP, which typically
has a radius between 150 m and 250 m and depths between 0.1 m and 0.7 m (Köhli
et al. 2015). Given this large footprint area, the CRNP method is an ideal comple-
ment to long-term surface energy balance monitoring with the eddy covariance
technique (Jana et al. 2016). Recent neutron transport modeling has further refined
the footprint area to be a function of atmospheric water vapor, sensor elevation,
surface heterogeneity, vegetation, and soil water content (Köhli et al. 2015).

The application of the CRNP method is hampered by its susceptibility to addi-
tional sources of hydrogen (e.g., above- and belowground biomass, humidity of
the lower atmosphere, lattice water of the soil minerals, organic matter and water in
the litter layer, intercepted water in the canopy, and soil organic matter), e.g.,
Bogena et al. (2013), and Heidbüchel et al. (2016). In case that these hydrogen
sources are temporally stable, the influence can be amended by estimating the
contribution of each source and subtracting its contribution during the transforma-
tion of the neutron counts into SWC (Zreda et al. 2012). In the following chapter,
methods for correcting for biomass effects on CRNP measurements are discussed in
more detail.

Accounting for Biomass Effects on CRNP Measurements
Recently, Baatz et al. (2015) developed a simple empirical approach to correct for
biomass effects based on long-term fast neutron intensity measurements from a
network of 10 CRNPs located in the Rur catchment, Germany. In addition, they
gathered fast neutron intensity measurements for shorter periods (between 24 and
405 h) at 13 locations in the forested research catchment Wuestebach (Germany),
which was partly deforested. These locations were selected in such a way that the
CRNP footprint contained distinctly different amounts of aboveground biomass.
Using this extensive data set, they found that fast neutron intensity was reduced by
0.9% per kg dry aboveground biomass per m2. Baatz et al. (2015) further developed
an equation for correcting N0 for biomass effects:

N0, corr ¼ �r ABGdry þ N0,ABG¼0 (14)

where N0,corr is the biomass corrected N0, N0,AGB = 0 is the reference N0 for a site
without standing biomass, ABGdry is the dry aboveground biomass [kg/m2], and r
represents the reduction factor for N0. It was found that r has a value of 11.19 per kg
dry aboveground biomass per m2. This regression explained 87% of the variation
between biomass and neutron count rate. It has to be noted that this correction was
derived for temporally stable biomass situations (e.g., forest sites). In addition,
forests typically have a litter layer, whose water content can change rapidly adding
additional temporal variability to the CRNP signal. Therefore, Bogena et al. (2013)
recommended considering the water dynamics in the litter layer explicitly in the
calibration of the CRNP. Furthermore, temporally changing above- and below-
ground biomass of growing vegetation (e.g., crops) and intercepted water in the
canopy affect fast neutron count rates and calibration parameters in a complicated
way. Baroni and Oswald (2015) proposed that the influence of aboveground biomass
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could be straightforwardly incorporated into a weighting approach. On the other
hand, Coopersmith et al. (2014) found that soil moisture is overestimated for high-
biomass situations, but it is underestimated when biomass is relatively low. In order
to elucidate the biomass effect of growing vegetation on CRNP measurements in
more detail, the field test site in Selhausen (Germany) of the TERENO project
(Bogena et al. 2012) was instrumented with 7 CRNPs and a wireless soil moisture
sensor network (Fuchs 2016). In order to track the biomass changes of the growing
winter wheat, roots and plants were sampled approximately every 4 weeks. As
expected, an increasing discrepancy between cosmic-ray-derived and in situ mea-
sured SWC during the growing season and a sharp decrease in discrepancy after the
harvest were found (Fig. 8).

Figure 8 shows a good agreement between SWC derived from in situ measure-
ments and cosmic-ray neutron data for the time period with low-standing biomass
(<2 kg m�2). As winter wheat begins to grow faster, SWC derived from the CRNP
starts to deviate from the in situ measurements. In order to correct for the temporally
varying effect of biomass on fast neutron intensity, Fuchs (2016) derived relation-
ships between the calibration parameter N0 and total fresh biomass. Using these
relationships for the correction of fast neutron intensity reduced the discrepancy
between cosmic-ray-derived and in situ measured SWC considerably (from
0.39 m3 m�3 to 0.08 m3 m�3). The remaining uncertainty is due to the short-term
fluctuations in the CRNP data that coincide with rainfall events, indicating effects of
interception storage and sharp soil water gradients due to infiltration of rainfall water
into the soil. A major further step in this direction would be the development of a
method that enables the inference of biomass changes from cosmic-ray neutron
intensity measurements without further measurements. Recently, it was shown that
the temporal dynamics of the thermal-to-fast neutron ratio might be a potential

Fig. 8 Time series of soil water content derived from in situ measurements (SoilNet data) and
cosmic-ray neutron data (CR), as well as measurements of fresh and dry biomass between March
and September 2015 at the TERENO test site in Selhausen, Germany

54 F. Jonard et al.



predictor for canopy interception and biomass changes (Andreasen et al. 2016).
However, to this date, no generic method exists that enables the direct dry biomass
estimation without additional information on other sources of hydrogen in the
footprint of the CRNP (e.g., water content of vegetation and soil).

Increasing the Spatial Scale with the COSMOS Rover
Although the CRNP footprint is already large (>10 ha), a single probe cannot
capture soil moisture patterns at the catchment scale. Recently, a roving version of
the CRNP (the COSMOS rover) has been developed to measure soil water content at
larger scales (e.g., Chrisman and Zreda 2013). The main difference to the standard
CRNP is the much larger size of the detector tubes used for the COSMOS rover,
enabling measurements with much higher temporal resolutions (e.g., 1 min). The
COSMOS rover thus enables the assessment of catchment-scale wetness conditions
(up to hundreds of square kilometers in a single day under ideal situations). This
makes the COSMOS rover a very promising method to close the critical scale gap in
SWC monitoring toward the scale of a catchment. First feasibility experiments have
been conducted with the COSMOS rover. For instance, Chrisman and Zreda (2013)
attempted to compare road-effected rover data with SMOS satellite products. Later,
Dong et al. (2014) measured and validated spatial SWC surveys with independent in
situ SWC measurements. They concluded that the COSMOS rover is able to
determine SWC with an accuracy of about 0.03 m3 m�3. Recently, Franz et al.
(2015) combined SWC measurements from roving and fixed cosmic-ray neutron
probes with the aim to establish a real-time monitoring system for irrigation man-
agement. One of the major challenges is the calibration of the sensor under mobile
conditions, since spatial variations in vegetation biomass and soil properties strongly
affect the neutron counts. Therefore, in order to achieve a reliable estimation of
spatial SWC, a new concept for signal processing is required that incorporates
information of biomass distributions and soil properties in the calibration process.

Global Navigation Satellite System Reflectometry

The concept of Global Navigation Satellite System Reflectometry (GNSS-R) was
first introduced 20 years ago, although it was years later when its use for remote
sensing of environmental variables was finally considered. GNSS-R has several
advantages over other technologies: all-weather and worldwide availability of
GNSS signals; it is inexpensive and consists of lightweight, low-power consumption
sensors; there are an increasing number of GNSS satellites in orbit; and GNSS
operate in L-band (with wavelengths� 20 cm) which is one of the optimal frequency
bands for surface soil moisture estimation. Altogether, this highlights the potential of
GNSS-R for near real-time monitoring of land properties, such as surface SWC,
vegetation water content (VWC), and snow depth. Over land, GNSS-R takes
advantage of the multiple GNSS satellites visible at any time and at various elevation
angles, and also of the high sensitivity of the reflected signal to changes in the
dielectric constant (and therefore SWC) of the ground. Although the development of
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a robust SWC retrieval algorithm from GNSS-R observations is a work in progress, a
few algorithms have been derived for bare and vegetated surfaces using electromag-
netic forward models and widely used dielectric constant models (Jin et al. 2014a;
Zavorotny et al. 2014; Larson 2016). Some studies have found that constraining the
use of satellites with incidence angles between 10� and 50� leads to more sensitive
retrieval results (Small et al. 2016). One of the main limitations of GNSS-R,
however, is that the likelihood of accurate SWC retrievals from GNSS-R observa-
tions decreases with increasing soil surface roughness. The footprint size of this
technology, or first Fresnel zone, is in the order of tenths to hundreds of squared
meters, depending on the elevation angle of the GNSS satellite, and the distance
above the ground and the radiation pattern of the receiving antenna. The majority of
GNSS-R alternatives in the literature have been assessed for the US Global Posi-
tioning System (GPS) constellation. However, its use could be extended to other
GNSS, such as Galileo (Europe), GLONASS (Russia), and BeiDou (China).

A cost-effective GNSS-R approach is the GPS interferometric reflectometry
(GPS-IR), which uses standard, commercial geodetic GPS antennas and receivers
deployed in several networks around the globe. The number of units in these
networks is rapidly increasing, and at present approximately 10,000 have their
data publicly available in near real-time, several of them with long-term data records.
For a typical antenna height of about 2 m, the footprint has a radius between 20 and
30 m. Soil moisture and vegetation water content are derived from the temporal
changes in the signal-to-noise ratio (SNR) interferogram between the direct and
reflected GPS signals. The phase of the SNR interferogram varies linearly with
SWC, although additionally, the vegetation contribution to phase changes was
found to be in the same order of magnitude at sites with VWC > 1 kg m�2. Changes
in the amplitude of the reflected GPS signal, however, are largely related to
temporal changes in the vegetation, with the amplitude decreasing with increasing
VWC. Therefore, some of the GPS-IR retrieval algorithms estimate first the
vegetation conditions from the amplitude of the SNR interferogram, and then derive
the SWC from the corrected phase. The accuracy of the GPS-IR surface SWC
retrieval is �0.04 m3 m�3 after taking into account the vegetation effects (Small et
al. 2016; Larson 2016). This accuracy meets the target for satellite missions and is
within the tolerance of in situ probes such as time-domain reflectometry and
capacitance sensors.

Another ground-based alternative is to use sensors that have been specifically
designed to measure the GPS reflections on the land. Over a 6-month period, Egido
et al. (2012) evaluated the sensitivity of GNSS-R to SWC and VWC over a bare and
vegetated agricultural area using a system at 25 m height, with three circular
polarization antennas, one RHCP (right-hand circular polarization) uplooking and
two (LHCP – left-hand circular polarization – and RHCP) downlooking, acquiring
data sequentially. A sensitivity of 0.3 dB/SWC (%) and R = 0.76 was found if the
LHCP downlooking antenna was used, whereas little sensitivity was found in the
case of the RHCP antenna. Rodriguez-Alvarez et al. (2011) designed and
implemented the SMIGOL (Soil Moisture Interference Pattern GNSS Observations
at L-band) reflectometer, which measures the power of the interference between the
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direct and reflected GPS signals. This approach, known as interference pattern
technique (IPT), uses one V-pol antenna pointing at the horizon and is able to
estimate the SWC within a �20 m radius at an accuracy <0.05 m3 m�3 and at a
spatial resolution of tenths of centimeters. The concept was later extended to dual-
polarization, H- and V-pol (PSMIGOL; Alonso-Arroyo et al. 2014), and has also
been successfully used for vegetation height, topography, water level, and snow
thickness applications. The main limitation of these and any other stationary sensors
is, however, their non-capability to provide spatially distributed SWC information
over larger areas, if required. To circumvent this limitation, some GNSS-R instru-
ments have been designed for airborne applications over land (e.g., Alonso-Arroyo
et al. 2016; Motte et al. 2016).

An example which illustrates the potential of roving GNSS-R systems for
agriculture is shown hereafter. The advantages of such a system over airborne
platforms, which have been the alternative to stationary antennas for farm-scale
applications, are evident: lower deployment cost, on-demand availability, and higher
spatial resolution. Figure 9 (left) shows an overview of the tractor setup used during
the field experiments conducted to evaluate this proof of concept, which was a first
of its kind (Australian Grains Research and Development Corporation (GRDC),
through funding to the project UMO-004 “On-the-go soil moisture monitoring using
GPS signals during routine farming practices”). The experiment site was a rain fed
winter barley paddock in North-West Victoria, Australia. Due to the large size of the
farm, a focus area of 400 m (E-W)� 300 m (N-S) was selected. The GNSS-R sensor
used is an improved version of the LARGO (Light Airborne Reflectometer for
GNSS-R Observations), for which the sensitivity to SWC changes had been suc-
cessfully tested in an airborne (Alonso-Arroyo et al. 2016) and a ground-based
configuration during the 2013–2014 GELOz experiments (GNSS-R experiments
over land in Australia). The LARGO II sensor in Fig. 9 (left) consists of one

Fig. 9 (Left) Overview of the GNSS-R tractor setup used during the surveys conducted in North-
West of Victoria, Australia. (Right) Maps showing the in situ and estimated volumetric SWC during
one of the tractor surveys
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RHCP uplooking and one LHCP downlooking, highly directive customized anten-
nas at GPS L1 frequency. The antennas were installed at a 30� tilt from the horizontal
and 2.75 m above the ground level. The GPS direct and reflected signals measured
for all the satellites in view are stored internally every second. As the tractor surveys
were conducted at a speed of 5 km h�1, this translated into one acquisition every
1.4 m. The footprint size varied between 1 and 5 m2, depending on the elevation of
the GPS satellite. A series of auxiliary data sets were collected to gain knowledge of
the in situ conditions at the farm and to be used for the validation and interpretation
of the soil moisture retrievals. Optical and thermal sensors were mounted on the
same frame as the LARGO II to derive crop properties, such as normalized differ-
ence vegetation index (NDVI) and temperature. Volumetric surface SWC was
sampled every � 15 m using EM sensors (Stevens Hydraprobe). Geo-located values
of soil temperature, dielectric constant, and bulk electrical conductivity, and user-
input crop data such as height and the presence of dew, were recorded as well.

The in situ and estimated SWC during one of the experiments is shown in Fig. 9
(right). The GNSS-R observations were filtered, and only GPS satellites with inci-
dence angles between 10� and 50� were used in the retrieval algorithm. A simple
forward model was used, in which the vegetation effect was modeled as an offset
added to the bare soil contribution. Although the LARGO II instrument used has a 1 s
measurement interval, the estimated SWC points were averaged at a coarser spatial
resolution to reduce the noise inherent to the GNSS-R technique. A grid size of 10 m
was found to be adequate, but it will depend on the speed of the tractor, and the
position of the GPS satellites during the surveys. As there were no observations in
some areas of the paddock, due to the geometry of the problem and the filtering of the
data, the GNSS-R grid estimates were interpolated using the kriging method to obtain
a full map of the focus area. No significant correlation between in situ and estimated
SWCwas found, due to the limited range of SWC conditions observed and the noise in
the GNSS-R measurements. The spatial variation in SWCwas, nevertheless, captured,
and the probability distribution functions of both SWC data sets were similar, resulting
in root-mean-square errors �0.04 m3 m�3. Although further experimental data is
required to implement a robust retrieval algorithm, the use of this roving GNSS-R
system has already proven to be an asset for farm-scale applications.

Nuclear Magnetic Resonance

Nuclear magnetic resonance (NMR) is a physical phenomenon that can yield
molecular properties of matter by irradiating atomic nuclei, in a magnetic field,
with electromagnetic radio waves (Blümich et al. 2014). NMR is particularly
sensitive to the presence of protons 1H and is therefore suited to investigate pro-
cesses that involve water. When applied to the study of soil, NMR can be used to
infer SWC, total porosity, and pore-size distribution and to quantify bound and
producible fluid fractions.

Protons 1H possess an intrinsic magnetic moment and angular momentum and
consequently a nonzero spin (spin=½). Under an external magnetic field of strength

58 F. Jonard et al.



B0, they will thus behave like small bar magnets that may orient parallel or antipar-
allel to the direction of B0, defining two energy levels (low E� and high E+,
respectively) as illustrated in Fig. 10. The relative number (N ) of nuclei in each
spin state is described by the Boltzmann distribution:

Nþ

N� ¼ e
� Eþ�E�ð Þ

kbT

� �
(15)

where kb is the Boltzmann constant and T is the temperature in K.
In thermal equilibrium, the parallel state, more energetically favorable, is slightly

more populated than the antiparallel state.
The rotational axis of the spinning nucleus is not oriented exactly parallel or

antiparallel to the direction of B0. It exhibits a certain angle which causes precession,
similarly to a spinning-top, around B0 at a frequency, called the Larmor or resonance
frequency. The latter can be calculated with the following expression:

ν0 ¼ Eþ � E�ð Þ
h

¼ γB0

2π
(16)

where h is Planck’s constant (expressed in J s), γ is the gyromagnetic ratio which is
specific for each atomic nucleus (expressed in rad s�1 T�1), and B0 is the strength of
the magnetic field (expressed in T). In a 1 Tesla field, the Larmor frequency of
protons 1H is 42.576 MHz.

The macroscopic magnetization,M0, of a sample is given by the sum of each spin
vectors, as illustrated in Fig. 10. This magnetization can be used to infer the proton
density in the sample submitted to B0. Assuming that water is the main source of 1H
protons in the investigated volume, proton density can be directly related to the water
content.

The quantification of M0 is not possible as long as it points in the same
direction as B0. In order to measure it, it is necessary to tip the magnetization
away from its alignment with the external magnetic field. This is achieved by

Fig. 10 Due to the slight difference of spin population in the two energy levels at thermal
equilibrium, the sum of all the magnetic moments produces a macroscopic magnetization in the
direction of B0, also known as the net longitudinal magnetization
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applying a radio-frequency (rf) magnetic impulse via a coil, at the Larmor fre-
quency, that generates an oscillating magnetic field, B1, in the perpendicular plane
to B0. The resulting tipped magnetization now oscillates at the Larmor frequency
in the transverse plane to B0 generating an electrical field that can be detected
by an antenna (generally the coil used to produce the excitation rf impulse). For
a single pulse, the maximum intensity of the signal is recorded when the flip
angle is 90� so that all the magnetization M0 is transferred into the orthogonal
plane to B0.

At the end of the pulse, the nuclei relax and return to their equilibrium positions
and the recorded signal decays. Under a homogeneous magnetic field B0, the
response signal decays with a time constant T2, called the transverse relaxation
time, whereas in an inhomogeneous magnetic field, it decays with a generally
smaller time constant T	

2 . In order to compensate for the effect of inhomogeneous
magnetic field, it is possible to apply a series of 180� pulses after the excitation pulse
in order to refocus spins that would have encountered a dephasing. This measure-
ment sequence is known as Carr-Purcell-Meiboom-Gill (CPMG) echo train and is
the standard way to estimate T2 in inhomogeneous magnetic field environment. The
time required to rebuild the magnetization along B0 is called the longitudinal
relaxation time T1 (with T1 > T2 
 T	

2).
The principle of NMR signal acquisition is illustrated in Fig. 11.

NMR Parameters
Two types of NMR parameters, particularly interesting in soil physics, can be
determined from the impulse response signal: (1) the spin density and (2) the
relaxation times.

Spin density (or proton density when focusing on 1H atomic nuclei) represents the
total number of spins present in the investigated volume and is directly proportional
to the initial amplitude of the impulse response (=S(0) in Fig. 11). By comparing the
initial amplitude of the signal with the initial amplitude of a reference sample, soil
water content or total porosity (in fully saturated conditions) can be estimated. Spin
density is probably the most basic NMR parameter and can generally be measured
with any NMR instrument (Blümich et al. 2014).

Relaxation times T1 and T2 are important parameters in NMR for material
characterization and discrimination. In complex media, such as in soil, there is
generally not a single T1 or T2 value characteristic of the whole sample, but rather
distributions of T1 and T2 values. In porous media, during the acquisition of the
signal, water molecules may encounter two different environments where relaxation
of the signal may occur: the pore surface and the bulk fluid volume. Three NMR
relaxation mechanisms influence T1 or T2 relaxation times: (1) bulk fluid relaxation,
(2) relaxation by molecular diffusion in internal and external magnetic field gradi-
ents, and (3) grain surface relaxation. Bulk fluid relaxation is the intrinsic relaxation
property of the fluid. It can generally be neglected in porous media (because much
slower than the two others relaxation mechanisms). The motion of water molecules
by diffusion in magnetic field gradients during the measurement, meaning that water
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molecules may experience regions with different Larmor frequencies, induces a
dephasing of spins which is responsible of T2 relaxation. Grain surface relaxation
is generally the dominant relaxation mechanism in porous media. It occurs when
water molecules diffuse close to paramagnetic impurities at the pore wall or grain
surface. Water molecules in large pores collide less frequently with pore walls and
consequently relax slower than water molecules in small pores so that, in saturated
media and under certain conditions (not detailed here), T1 or T2 distributions may
mimic pore-size distribution (Kenyon et al. 1995).

In unsaturated media, T2 distribution appears to be rather a measure of
the distribution of the water within the pore space at a specific degree of satu-
ration than a measure of the pore-size distribution as shown by Costabel and
Yaramanci (2011).

Available in Situ NMR Sensors
Currently, three types of NMR sensors can be used in situ to measure SWC. Their
implementation on the field is schematized in Fig. 12:

1. Mobile low-field NMR sensors (single-sided NMR) such as the NMR-MOUSE
(Magritek Ltd.) that allows to investigate water content of topsoil down to a
maximum depth of 2.5 cm (Blümich et al. 2014). The device is based on the

Fig. 11 During the excitation phase, the magnetization is tipped away from the direction of B0 by a
rf pulse applied at the resonance frequency. If the amplitude and duration of the pulse is correctly
adjusted, all the magnetization can be rotated in the x-y plane. The resulting transverse magnetiza-
tion precesses now in the x-y plane at the Larmor frequency and generates a signal that can be
detected by an antenna. The decay of the signal is due to two types of relaxation: (1) the realignment
of spins along B0, also called longitudinal or T1 relaxation (regrow of blue arrow), and (2) the loss of
synchronization of the spins due to spin-spin interactions and magnetic field inhomogeneity, also
called T	

2 relaxation (decrease of red arrow)
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principle of “inside-out” NMR and is composed of a permanent U-shape
magnet generating a magnetic gradient perpendicular to the surface (Blümich
et al. 1998). A rf coil, mounted above the magnet, is used to excite the spins
and receive the NMR signal coming from a sensitive volume whose thickness
(i.e., resolution) ranges from 5 to 100 μm depending on the device model. The
magnet is mounted on a lift so that it is possible to acquire one-dimensional
profiles.

2. Borehole NMR (BNMR) sensors were initially developed for the characteriza-
tion of petroleum resources. Unfortunately, these sensors are not suited for
shallow measurements of SWC due to their dimension that largely exceeds
the classical size of wells in this depth range. To overcome that, slim-line
logging tools were developed (e.g., Perlo et al. 2013; Walsh et al. 2013). The
principle of measurement is similar to the NMR-MOUSE except that the
sensitive zone is, in this case, a thin cylindrical region around the outside of
the borehole.

3. Surface NMR (SNMR). The main difference of SNMR compared to other NMR
methods is the use of the earth magnetic field instead of the large magnetic field
created by magnets. The rf signal used to excite the spins is generated by a wire
loop laid down on the ground (Legchenko et al. 2002). The same loop is also used
to receive the NMR signal after the excitation. The depth of investigation of
this method depends on the loop size and site-specific conditions, such as the
presence of electrically conductive layers below the setup, but usually ranges

Fig. 12 Possible in situ applications of NMR for SWC measurements. Three methods are
illustrated, each having its own advantages. Mobile NMR sensors such as the NMR-MOUSE
developed by Magritek Ltd. offer a way to probe the very first centimeters of soil with a high
vertical resolution. BNMR sensors, like the slim-line logging sensor schematized here (modified
from Perlo et al. 2013) and developed by the RWTH Aachen, are particularly suited to
quantify SWC in the vadose zone with a vertical resolution of 10 cm (Behroozmand et al.
2015). SNMR allows to investigate water content from shallow horizons to more than 100 m
depth without requiring the drilling of boreholes (scheme modified from Vista Clara Inc
2016). All methods presented are very sensitive to ambient EM noise and particular precautions
(such as the deployment of noise reference loops in SNMR) must be taken to reduce its effect on
the data quality
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from 40 to 120 m (Legchenko et al. 2011). SNMR was initially designed for 1-D
sounding (in that case, the term magnetic resonance sounding (MRS) is
generally employed), but 2-D and even 3-D applications of the method are
possible (e.g., Hertrich et al. 2007).

We refer the interested reader to the review paper of Behroozmand et al. (2015)
for more information about the introduced methods.

Soil water content, after the collection of a sample, can also be measured in
laboratory using various NMR tools. Among them, magnetic resonance imaging
(MRI), a technique commonly used in medicine, holds particular interest because
it allows the visualization in 2-D or in 3-D of SWC with a very high resolution (e.
g., Pohlmeier et al. 2008; Merz et al. 2016).

NMR techniques have demonstrated for years their usefulness to quantify
water content at great depths (e.g., BNMR logging tools in petroleum
industry). However, the development of NMR sensors to investigate SWC at
shallower depth with high spatial resolution is relatively recent and imp-
rovements are still required in order for these sensors to be routinely used in
that scope. Among possible optimizations, one can point out the reduction of
the dead time (= time between excitation and signal acquisition) and/or echo
time in order to capture fast-decaying signals (possibly caused by fine pore
materials or the presence of paramagnetic impurities) and the development
of new processing tools to reduce the effect of EM noise and increase the signal-
to-noise ratio.

Summary and Outlook

Soil water content is a key variable for understanding and modeling ecohydrological
processes. In this chapter, we reviewed the state of the art with respect to the
spatiotemporal characterization of SWC from point to field scale using ground-
based techniques. The number of SWC measurement methods has significantly
increased over the last years, in particular with the emergence of novel techniques
such as cosmic-ray neutron probes, navigation satellite system reflectometry, and
nuclear magnetic resonance. Large improvements have also been made in order to
fully exploit the information contained in soil moisture data by using data assimila-
tion techniques, more sophisticated data processing approaches, and inversion
schemes (e.g., coupled hydrogeophysical inversion, full-waveform analysis for
GPR). More accurate instruments (e.g., better signal-to-noise ratio, smaller instru-
ment drift for EMI) have also been developed during the last decade. There is still a
need for soil moisture data with higher temporal and spatial resolution, which is
particularly useful for observing ecohydrological processes. Finally, combination of
different measurement techniques (such as ERT and EMI or active and passive
microwave systems) with complementary characteristics might be an interesting
avenue to further explore.
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