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ABSTRACT

A scale gap in soil moisture measurement techniques, at scales of metres to hundreds of
metres in horizontal space and minutes to a day in time, has been existing for decades.
These are the typical scales of relevant hydrometeorological and biogeochemical processes,

and of modern hydrological models. A new soil moisture measurement technique that can help
fill this scale gap was developed a decade ago. This technique, the Cosmic-Ray Neutron Sensor
(CRNS), estimates root zone soil moisture in the surrounding tens of metres by measuring
natural neutron radiation above the ground. The objective of this thesis was to investigate the
opportunities and limitations of the CRNS to help fill the scale gap in soil moisture measurement
techniques by improving the knowledge of the CRNS, especially at humid sites. This objective was
achieved through three separate studies. The first, a land surface model calibration study, showed
that compared to point–scale soil moisture data, CRNS soil moisture data did not lead to overall
better latent heat flux estimation across sites, based on two–objective calibrations (soil moisture
and latent heat flux). This result was attributed mainly to the limited effect of calibrating model
parameters on soil moisture dynamics. The second study showed that the traditional assumption
that only one soil sampling day would be sufficient to calibrate the CRNS, was insufficient to
obtain accurate soil moisture estimates. Multiple, but no more than six calibration days are
advised for humid sites instead. The novelty of the third study was the separate analysis of the
accuracy and precision of both the CRNS neutron count and the derived soil moisture estimate,
which are affected differently by natural conditions and can be improved in different ways. One
outcome was that, at the three humid sites investigated, the soil moisture precision was largely a
function of the soil moisture content itself. Temporal integration times below fifteen hours were
sufficient to achieve precision similar to traditional point–scale techniques at these sites, at any
time. Overall, this thesis shows the CRNS is an accurate and precise soil moisture measurement
technique for humid sites if multiple calibrations are done and if all relevant hydrogen pools are
quantified. To use CRNS data to its full potential for land surface modelling, using soil moisture
dynamics as calibration objective rather than the absolute soil moisture, could be investigated.
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COSMIC-RAY NEUTRON SENSOR LITERATURE REVIEW

Atechnique that may help to fill the intermediate scale gap in soil moisture measurements
(Chapter 1) is the Cosmic-Ray Neutron Sensor (CRNS; Fig. 1.2; Zreda et al., 2008). This
above ground sensor has a footprint radius of 130-240 m at sea level and a measurement

depth of ~12-76 cm depending on soil wetness (Desilets et al., 2010; Köhli et al., 2015). Therefore
this sensor can provide soil moisture information at scales within the intermediate scale gap as
shown in Figure 1.7. The CRNS-technique makes use of the slowing down and thermalisation of
high-energy cosmic-ray neutrons by hydrogen atoms in the soil (Zreda et al., 2008). An extensive
literature review on the CRNS functioning and the relevant processes affecting its measurements
is given in this chapter. First, in Section 2.1, the nuclear physics of cosmic-ray neutrons is
explained. Next, older technologies that also employed neutron radiation to measure soil moisture
content are briefly discussed in Section 2.2. Then, in Section 2.3, it is explained how the novel
above ground Cosmic-Ray Neutron Sensor technically works. In Section 2.4 three methods to
obtain soil moisture estimates from measured neutron counts are presented. In the following
Section 2.5 the procedure to calibrate these three models using soil samples is elaborated on.
Not only soil moisture affects the CRNS measured signal. Naturally changing conditions, for
instance atmospheric pressure and the presence of other water containing landscape elements
affect the neutron radiation. All relevant natural factors are therefore addressed in Section 2.6.
The size of the soil volume represented by the CRNS measurements also depends on natural
conditions and can change in time and varies from location to location. The CRNS footprint size
has been subject to debate over the past decade and the knowledge on this issue has improved,
as explained in Section 2.7. Like with any measurement technique, the CRNS observations are
subject to uncertainties. This uncertainty stems from both accuracy and precision issues and
is affected by a range of natural and human influenced factors. The measurement uncertainty
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is discussed in Section 2.8, which is especially relevant with respect to Chapter 5 of this thesis.
Since the development of the first CRNS, sensor networks have been established in different
parts of the world. These networks are introduced in Section 2.9. A mobile version of the CRNS,
the CRNS ‘Rover’ is discussed in Section 2.10. In the for-last Section 2.11, linking specifically
to the main purpose of the CRNS, the use of CRNS measurements in hydrological and land
surface process studies till date is discussed. This chapter finishes with an outlook on expected
developments in the CRNS research community, in Section 2.12.

2.1 Origin and nuclear physics of cosmic-ray neutrons

The neutrons detected by the Cosmic-Ray Neutron Sensor ultimately originate from extrater-
restrial radiation, so-called primary comic-rays (Hess et al., 1959). Most primary cosmic-rays
originate from beyond our solar system but within our galaxy and are created after supernovas
(Blasi, 2014). These primary cosmic-rays are mostly protons, but also include other charged
particles. If a primary cosmic-ray has sufficient energy, it may pass the magnetic fields of the Sun
and of the Earth. The number of cosmic-rays reaching the Earth’s magnetosphere reduces during
periods of higher solar activity. Cosmic-rays that do reach the Earth’s magnetosphere can still
be prevented from reaching the Earth’s atmosphere by the planet’s magnetic field. The possible
fate of a cosmic-ray that does reach the top of the atmosphere is depicted in Fig. 2.1, where a
cosmic-ray (proton) is shown as a black arrow.

2.1.1 High-energy, fast, epithermal, and thermalised neutrons

Secondary cosmic-ray particles, including high-energy neutrons (red lines in Fig. 2.1), can be
created by reactions between cosmic-rays and nitrogen and oxygen in the Earth’s atmosphere
(Letaw and Normand, 1991; Desilets and Zreda, 2001a; Köhli et al., 2015). These secondary
cosmic-rays have an energy level of between about 11 MeV1 and 10 GeV, and with its peak around
100 MeV (Simpson, 1951; Gudima et al., 1983; Desilets and Zreda, 2001a; Köhli et al., 2015).
These so-called high energy neutrons can subsequently travel downward through the atmosphere
and create cascades of neutrons, which can ultimately reach the Earth’s surface (upper panel of
Fig. 2.1). In Figure 2.2, the energy spectrum of high-energy neutrons at the Earth’s surface is
indicated in pink/red (Köhli et al., 2015; Goldhagen et al., 2002). Near the surface, high-energy
neutrons can collide with other nuclei. During such collisions, fast neutrons, with lower energy
levels (~1 MeV, green in Figure 2.2, blue lines in Fig. 2.1) are released (Simpson, 2000; Desilets
and Zreda, 2001a). Due to further collisions, these fast neutrons continue to lose energy. The
blue domain in Figure 2.2 shows the energy levels (0.2 eV–100 keV) at which so-called elastic
collisions dominate (represented with blue lines in Fig. 2.1, Hess et al. (1959); Desilets and Zreda

1An electronvolt eV is a measure of a particle’s energy. It is defined as the change in amount of energy of an
electron moving over one volt of electric potential difference.
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FIGURE 2.1. Simulated particle track from primary cosmic-ray proton reaching the top
of the atmosphere to fast neutrons interacting in the soil. High-energy neutrons
are shown in red (cascade neutrons). In the upper panel the particle paths from
the top of the atmosphere to the land surface are shown. In the lower panel the
paths just above and just below the land surface are shown. The units on both axes
are in shielding mass, which is the actual distance multiplied with the mass of
material above. Due to the higher density of soil than of air, the distances below the
surface appear much greater compared to the distances above the land surface. The
actual distances in metres are in the order of less than 1 m. The simulations were
done with radiation transport model Monte Carlo N-Particle Extended (MCNPX,
Pelowitz, 2005) and the figure was copied with permission from Desilets et al.
(2010).

(2001a) and Köhli et al., 2015). The neutrons within this sub-range of the fast neutron spectrum
are called epithermal neutrons. In an ideal elastic collision kinetic energy is equally transferred
between the moving neutron and the target nucleus. Due to the relatively low kinetic energy
of the target nucleus, the travelling neutron either keeps most of its kinetic energy in case the
target nucleus has a much higher mass, or, if the target nucleus has a mass similar to that of the
neutron, most kinetic energy is transferred to the target nucleus. In the latter case the neutron
is effectively stopped, because it retains a small bit of its kinetic energy only. After losing most of
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its energy, a neutron can become thermalised, i.e. it reaches an energy level below ~0.2 eV (gray
area in Figure 2.2, Hess et al. (1959); Desilets and Zreda (2001a) Köhli et al., 2015). At those
energy levels the neutrons are in thermal equilibrium, also called vibrational equilibrium, with
the molecules in their surroundings (Desilets and Zreda, 2001a). The average energy level of the
thermal neutrons therefore depends on the temperature and corresponds with the equilibrium
energy level (‘equilibrium’ peak in Fig. 2.2). Nuclei can absorb thermal neutrons more easily than
they can absorb epithermal–fast neutrons. Due to their neutral charge (i.e. they are insensitive
to electrical potential differences) neutrons cannot regain energy by taking energy from charged
nuclei. Thermal neutrons can therefore not accelerate back to the fast energy spectrum and
cannot affect fast neutron energy radiation intensities.

FIGURE 2.2. Neutron energy spectra at the Earth’s surface. Measured spectra by Gold-
hagen et al. (2002) are shown in grey and colors. The red/pink colour shows
high-energy neutrons. Interaction of these neutrons with heavy atoms yields
fast(/evaporation) neutrons (green). Elastic collisions with light atoms, dominated
by hydrogen, yield epithermal/fast neutrons to which the CRNS is especially sensi-
tive. Finally, neutrons can reach thermal equilibrium energy levels (grey). Neutron
spectrum simulations by Sato and Niita (2006) are shown shown with the dashed
line. The observations and simulations at the thermal spectrum do not match due
to model choices. Köhli et al. (2015) added the continuous line showing the net
incoming spectrum after subtracting the radiation reflected by a pure water surface.
They used this spectrum as input for their simulations. Copied with permissions
from Köhli et al. (2015) and Goldhagen et al. (2002).

2.1.2 The effect of soil moisture on epithermal–fast neutrons

Because of their small size and mass, hydrogen atoms have a high slow down power for
epithermal–fast neutrons through elastic collisions, implying hydrogen can stop these neu-
trons effectively (Bethe et al., 1940). Therefore, and because of the high abundance of water in
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the subsurface, hydrogen dominates the moderation of fast neutrons in soils (Bethe et al., 1940;
Hendrick and Edge, 1966; Desilets and Zreda, 2001a; Köhli et al., 2015). The moderation and
hence intensity of thermal neutrons is not only affected by hydrogen, but is also substantially
affected by other elements present near the land surface, like Boron. Moreover, thermal neutron
intensity has a different dependency on hydrogen prevalence than fast neutrons (Desilets and
Zreda, 2001a; Zreda et al., 2008). Therefore, if the goal is to measure soil moisture, a detector is
needed that is sensitive to epithermal–fast neutron radiation, but insensitive to thermal neutron
radiation. Due to the described moderating power of hydrogen, epithermal–fast neutron intensity
is inversely correlated with soil moisture content (Hendrick and Edge, 1966; Kodama et al.,
1985; Zreda et al., 2008). This relationship is the basis for soil moisture measurement with the
Cosmic-Ray Neutron Sensor, which is mostly sensitive to epithermal neutrons.

2.2 Below ground neutron sensors

The technique of using epithermal neutron radiation to measure soil moisture is not a novelty
of the above ground Cosmic-Ray Neutron Sensor as such. The effects of hydrogen and soil
moisture on epithermal–fast neutron radiation was known in the fifties of the twentieth century
already (Gardner and Kirkham, 1952). The effects of, more specifically, hydrogen in (lunar) soil
(Lingenfelter et al., 1961) and of soil moisture on Earth (Hendrick and Edge, 1966) on natural
fast–epithermal neutron radiation were known from the sixties of the twentieth century. These
researchers were however more interested in natural neutron radiation near the land surface
for different purposes, for instance the effects of nuclear weapons (Hendrick and Edge, 1966).
During the second half of the twentieth century below ground neutron sensors were used to
measure local (< 1m3) soil moisture content. Two types of below ground sensors have been used.
The first type, ‘active’ (e.g. Gardner and Kirkham, 1952) below ground neutron sensors, used
an artificial neutron radiation source. The neutron radiation moderated by the soil and water
surrounding the buried sensor was measured with a seperate neutron detector. The artificial
radiation sources however posed a serious health hazard to humans taking the measurements
(Kodama et al., 1985). Kodama et al. (1985) therefore developed a passive below ground neutron
sensor taking example in passive neutron radiation based snow water content sensors (Kodama,
1980). This passive sensor employed cosmic-ray neutron background radiation (Section 2.1). The
background epithermal neutron radiation was detected by a tube filled with 10-boron trifluoride
(10BF3; includes non-radioactive boron-10 isotope). Kodama et al. (1985) found good correlations
between soil moisture contents and neutron measurements between 20 and 40 cm depth.

2.3 Above ground Cosmic-Ray Neutron Sensor (CRNS)

The modern above ground Cosmic-Ray Neutron Sensor was developed after epithermal neutron
measurements above a field in Arizona, USA, showed a correlation with point-scale soil moisture
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measurements made in the surrounding field (Figure 2.3, Zreda et al., 2008). The innovation of
the Cosmic-Ray Neutron Sensor was therefore, compared to the more traditional below ground
neutron based soil moisture sensors, that it provides a soil moisture measurement representing
a larger area in horizontal space; in the order of hectometres (Zreda et al., 2008). Moreover,
it provides a measurement integrated over the entire surface soil moisture volume measured,
instead of a measurement at one or a few spots only.

FIGURE 2.3. This figure from Zreda et al. (2008) shows Cosmic-Ray Neutron Sensor
measurements (upper panel) at a site in Arizona correlated well independent
soil moisture measurements made with co-located Time Domain Transmissivity
sensors (middle panel). Copied with permission.
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2.3. ABOVE GROUND COSMIC-RAY NEUTRON SENSOR (CRNS)

2.3.1 How does the CRNS measure epithermal neutron radiation?

To measure epithermal neutron radiation, the above ground Cosmic-Ray Neutron Sensor counts
each neutron that collides with the sensor element (Knoll, 2000; Zreda et al., 2008, 2012). The
sensor element is a metal tube filled with Helium-3 gas (3He; a non-radioactive Helium isotope)
or boron-10 trifluoride gas (number 3 in Figure 2.4, number 4 is a bare counter, explained
in the next section). The metal does not stop neutrons from reaching the gas inside because
neutrons are not charged and hence do not interact with the charged metal lattice. To measure
epithermal-fast neutron radiation only, a shield of high-density polyethylene, which can stop
thermal neutrons is placed around the sensor element (number 3 in Figure 2.4). This shielded
sensor is alternatively called a moderated Cosmic-Ray Neutron Sensor. Despite the polyethylene
shield, estimations based on neutron modelling and field data indicated that 30% of the neutrons
detected is thermal (McJannet et al., 2014). Their findings did however not provide conclusive
proof and they recommended further research.

Andreasen et al. (2016) added a layer of cadmium (cadmium difference method; Lingenfelter
et al. (1961) and Knoll, 2010) on top of the polyethylene shield to prevent thermal neutrons from
affecting the soil moisture measurement. They derived site-specific correction functions to isolate
the epithermal–fast neutron component from the total neutron count measured with a moderated
neutron sensor. Besides a moderated neutron sensor and a cadmium shielded moderated neutron
sensor, a so-called ‘bare counter’ (number 4 in Figure 2.4) is needed to measure the thermal
neutron radiation intensity. This allowed to directly compare measured epithermal neutrons
(0.2 eV–100 keV; the blue region in Figure 2.2) and neutrons modelled with neutron simulation
models, which are typically in the range of 10 eV–1 keV (within the blue region in Figure 2.2).
Another finding from this study (Andreasen et al., 2016) was that a moderated Cosmic-Ray
Neutron Sensor measures about 45 % of thermal neutrons a bare detector measures. The bare
detector was however found to be quite insensitive to epithermal neutrons, measuring about 5 %
of epithermal neutrons the moderated detector measures. At the ground surface the thermal
contribution to the moderated counter signal was with ~30% similar to the value reported by
McJannet et al. (2014). The ratio between epithermal and thermal neutron intensity however
differed with height above the land surface and was different between sites, due to different
chemical compositions of the surroundings. To apply this cadmium difference method at a new
field site a moderated counter, a cadmium shielded moderated counter, and a bare counter are
needed to find site-specific thermal neutron radiation correction models. This is currently not the
case at most Cosmic-ray Neutron Sensor sites. Most sites have a moderated and bare sensor only
(Zreda et al., 2012; Evans et al., 2016; Baatz et al., 2015) and some have just a moderated sensor
(e.g. CosmOz; Hawdon et al. (2014) and the AMUSED project sites at Sheepdrove Organic Farm,
Berkshire, UK, see Chapter 5). All Cosmic-Ray Neutron Sensor data used in this thesis are from
non-cadmium shielded moderated counters.
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FIGURE 2.4. Schematic and photo of the box interior of a CRS1000 Cosmic-Ray Neutron
Sensor (HydroInnova Inc., 3He-filled). The ‘bare’ counter is indicated with number
4 and the moderated counter is indicated with number 3. The other elements shown
include units for electrical signal and data storage and transmission (number 1
and 2), and number 5, the power supply (solar panel) and storage (battery). Figure
copied from Zreda et al. (2012) with permission.

2.3.2 How are the neutron counts recorded?

As mentioned before, the epithermal–fast neutron intensity is measured by ‘counting’ each
neutron that enters the helium-3 gas or boron-10 trifluoride gas filled in the sensor tube (Knoll,
2000). When an epithermal–fast neutron collides with a helium-3 or boron-10 nucleus, it is
absorbed within this target nucleus. Due to the change in ratio of number of protons and neutrons
in the core of the target nucleus, the electrical charge changes (becomes relatively less positive
and hence more negative). To compensate for this increased negative charge, an electron is
released. This electron is then a free electron; it is not part of an atom. A free electron can
have a high kinetic energy and can be easily accelerated by the electrical potential difference
applied within the sensor tube. This electrical potential difference is ~1 kV (Zreda et al., 2012)
and is applied between the wall of the sensor tube (negatively charged; cathode) and a wire
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in the core of the tube (positively charged; anode, shown as a vertical line in number 3 and 4
in Figure 2.4). The free electron can collide with neutral particles in the gas inside the tube,
freeing additional electrons, creating a cascade of free electrons, called a Townsend avalanche
(Knoll, 2000). This process creates an electrical potential difference within the gas chamber,
with all electrons travelling to the anode. The electrical current generated by this process is
further amplified and passed through an electrical filter mechanism (Zreda et al., 2012). From
the resulting electrical signal the neutron count is derived. This neutron count is communicated
to a data logger (number 2 in Figure 2.4) via an electrical signal (number 1 in Figure 2.4). The
user can collect the data by directly downloading it from the data logger using for instance a
cable to a laptop or by copying the data from an SD-card connected to the data logger. Depending
on the sensor installation, the data can also be send over an Iridium satellite connection (antenna
shown in Figure 2.4). The neutron counts can be recorded at different temporal resolutions but
the default for the Cosmic-ray Soil Moisture Observation System (COSMOS network, Sec. 2.9) is
one hour (Zreda et al., 2012). However, the measured neutron count rate is usually expressed in
counts per hour (cph).

2.3.3 Differences between individual CRNS

Differences in CRNS sensor type (e.g. CRS1000 versus CRS1000B), size, shielding, and gas type
(3HE versus 10BF3) will yield different neutron counts under the same conditions (Zreda et al.,
2012). Even sensors of the same type can differ due to variations during the manufacturing
process. In case neutron count values of CRNSs located at different sites need to be compared,
these sensor–to–sensor differences should be corrected for. A common way to apply this correction
is to install the tubes close to each other for a certain time, obtain a sensor–to–sensor scaling
factor, and then move them to their intended field locations. The counting rate efficiency correction
factor obtained this way is referred to as fe (-) and the efficiency corrected neutron count is called
Ne (cph).(Zreda et al., 2012)

2.4 Translating neutrons to soil moisture

As described in Section 2.3, the Cosmic-Ray Neutron Sensor measures epithermal–fast neutron
radiation by counting neutrons colliding with the sensor element. To obtain soil moisture values,
the variable of interest, multiple methods have been developed over the past seven years. The
first method was a mathematically simple empirical formula (the N0 method; Desilets et al.
(2010); Section 2.4.1) presenting a relationship between soil moisture content and neutron
count only. Another method (the Hydrogen Molar Fraction (HMF) method; Franz et al. (2013a);
Section 2.4.2) was designed to take into consideration the effects of hydrogen pools other than soil
moisture (e.g. vegetation), especially needed when taking measurements with mobile Cosmic-Ray
Neutron Sensors. A third method (the COsmic-ray Soil Moisture Interaction Code (COSMIC);
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Shuttleworth et al. (2013); Section 2.4.3), which took into consideration vertical heterogeneity in
soil moisture contents, was developed to be used in the context of hydrological and land surface
models especially.

2.4.1 N0 method

To obtain soil moisture values, the variable of interest, Desilets et al. (2010) established a non-
linear relationship between neutron count and soil moisture (Figure 2.5). They used a neutron
interaction model called Monte Carlo N-Particle eXtended (MCNPX; Pelowitz, 2005), which
simulates the paths of individual particles (e.g. neutrons) and their interactions with other
particles. It does this by simulating the release of many (e.g. millions of) high-energy neutrons
at the top of the atmosphere and the neutron cascades through the atmosphere that follow. The
interactions of high-energy neutrons and subsequent epithermal–fast neutrons with the land
surface enviroment are simulated. The user needs to define the material (e.g. soil) properties and
can execute these simulations for different soil moisture contents. Doing so, Desilets et al. (2010)
derived a relationship between observed neutron count and soil moisture content (SM), called the
N0-formula (Eq. 2.1):

SM = a0

N/N0 °a1
°a2,(2.1)

where the parameter values a0 = 0.0808(cm3 g°1), a1 = 0.372(°), and a2 = 0.115(cm3 g°1) are
assumed site-independent constants. N is the measured neutron count in counts per hour (cph),
and corrected for certain, but not necessarily all, effects from other factors than soil moisture
(Section 2.6). The soil moisture content (SM) represents an average over the footprint of the
Cosmic-Ray Neutron Sensor (see also Section 2.7.1).

N0 (cph) is a time-constant normalisation parameter whose site dependent value can be
derived by taking multiple soil samples spatially distributed within the CRNS footprint on at
least one day (the calibration procedure is explained in detail in Section 2.7.1 and in Section A.1).
One calibration day provides one calibration point and this was originally assumed sufficient
(Desilets et al., 2010) because the shape of the N0–curve was assumed fixed by the three a.–
coefficients.

The N0 method is theoretically only valid for gravimetric soil moisture content values above
0.02gg°1, but due to the presence of other hydrogen containing elements in the soil, this threshold
is usually exceeded in most soils (Zreda et al., 2012). The value of N0 represents dry conditions;
when the neutron count is equal to the value of the N0 parameter, the soil moisture content
is approximately zero. McJannet et al. (2014) argued that the limited physical definition of
parameter N0 is a drawback of the N0 method, which they said, requires numerous calibration
points to obtain sufficiently low uncertainty. The N0 formula was derived for silica rich soils
(Desilets et al., 2010) but has been used for different, silica poor soils like clay soils (Zreda et al.,
2012).
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FIGURE 2.5. Examples of the N0-curve. The black line shows the curve when inter-
stitial/lattice water is not taken into account and the red line shows the curve
when this variable is taken into account. On the horizontal axis the neutron count
normalised with respect to parameter N0 is shown. On the vertical axis is the
volumetric soil moisture content. Adding this time invariant variable shifts the
position of the curve to the left. Copied with permission from Zreda et al. (2012).

The formula was initially assumed to be valid for both gravimetric (u ;g water g°1 dry soil)
and volumetric (µ ;m3 water m°3 dry soil) soil moisture content. Bogena et al. (2013) introduced
some changes to the N0 method to explicitly represent volumetric soil moisture content (µ) by
incorporating the dry soil bulk density. It is necessary to compute volumetric soil water content
if the data are used in hydrological models, because these typically calculate with soil volumes.
They also added lattice water and soil organic matter water equivalent2 (Eq. 2.2):

µ = a0 ·Ωs

N/N0 °a1
°a2 ·Ωs ° lw°wSOM,(2.2)

2Organic matter contains hydrogen (H). The equivalent amount of water (H2O) is computed using the molar ratio
of hydrogen to cellulose (10:1), the molar ratio of hydrogen to water (2:1) and the molar masses of hydrogen, water,
and cellulose.
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Parameters lw and wSOM are the CRNS-footprint average volumetric lattice water content and
soil organic matter equivalent water content (cm3 cm°3) respectively, and Ωs (gcm°3) is the dry
soil bulk density, usually determined from soil samples.

Baatz et al. (2015) extended the formula of Bogena et al. (2013) to include above ground
biomass (see also Section 2.6). In case of high biomass (e.g. forest) or changes in biomass (e.g.
cropped fields) a biomass correction is needed to obtain soil moisture estimates from neutron
count measurements. In this formula, the N0,AGB=0 parameter represents conditions without
biomass (AGB= 0; Eq. 2.3):

µ = a0 ·Ωs

NAGB°corr./N0,AGB=0 °a1
°a2 ·Ωs ° lw°wSOM,(2.3)

where NAGB°corr. is the measured neutron count corrected for biomass (see Section 2.6 for
correction function).

2.4.2 HMF method

The HMF method was first developed to avoid site-specific calibration of the CRNS where soil
sampling is difficult and also to facilitate the application of the mobile cosmic-ray soil moisture
sensors (i.e. rover applications, Section 2.10, Franz et al., 2013b). In such cases soil moisture
could be calculated provided neutron intensity and other hydrogen sources are known. However,
for sites for which reliable soil moisture samples can be obtained, the HMF method can also be
used for site-specific calibration of the CRNS. In the HMF method, the epithermal–fast neutron
intensity is calculated with Eq. (2.4):

N = Ns · {4.486e(°48.1·hmf) +4.195e(°6.181·hmf)},(2.4)

hmf is
P

(H)/
P

(Eall); the total hydrogen molar fraction (mol H/total mol).
P

(H) is the sum of all
hydrogen (mol), including hydrogen in above ground biomass, lattice water hydrogen, hydrogen in
and bound to soil organic matter, and soil water hydrogen.

P
(Eall) (mol) is the sum of all elements:

atmospheric nitrogen and oxygen, soil solids (quartz), lattice water, soil organic matter water
equivalent, soil water, above ground biomass (usually assumed to be cellulose, see Section 2.6)
and water inside above ground biomass. Ns (cph) is a normalisation parameter which needs to be
site-calibrated and is defined as the neutron count over a deep (> 1m) and wide (ª 500m) water
body. When the neutron count (N) is equal to Ns, the hydrogen molar fraction is 0.23molmol°1.
McJannet et al. (2014) adjusted the coefficient values based on the finding that 30 % of the
neutrons counted by the CRNS are actually thermalised neutrons, to 3.007, -48.391, 3.499, and
-5.396 (coefficients from left to right in Eq. 2.4). The HMF method was, like the N0 method,
developed with MCNPx simulations, in which a range of observed soil chemistries and vertical
pore water distributions were included. Validated with half a year of data from a distributed
sensor network at one site and with soil and vegetation calibration data at 35 sites, Franz et al.
(2013b) concluded the HMF function predicted more than 79 % of neutron count variability at
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every site. In their testing of the HMF method, McJannet et al. (2014) concluded that this formula
can be especially useful at sites with high biomass, where, they argued, it could pose an advantage
over the original N0 method of Desilets et al. (2010). Baatz et al. (2015) however mentioned that
a disadvantage of the HMF method is that the hydrogen molar fraction is bound by a maximum
of 0.23molesmoles°1. Baatz et al. (2014) and Franz et al. (2013b) showed the observed hydrogen
molar fractions can exceed this value. Moreover, Franz et al. (2013c) showed hydrogen in high
above ground biomass (e.g. trees) cannot be conceptualised as a water layer on top of the soil,
due to the heterogeneous spatial distribution of hydrogen. Franz et al. (2013c) used the HMF
method to estimate biomass at a resolution of ~1km2, provided soil moisture and other hydrogen
pools were known. They expected this technique to be useful in multiple scientific disciplines,
including hydrology and forestry, due to its non-destructive nature.

2.4.3 COsmic-ray Soil Moisture Interaction Code (COSMIC)

COSMIC was developed as a data assimilation forward operator3, and is a simpler, computa-
tionally less expensive (at least 50 000 times faster) neutron transport model than MCNPX
(Shuttleworth et al., 2013; Rosolem et al., 2014). COSMIC considers three processes (Figure 2.6):
(1) exponential decay of high-energy neutron intensity with depth, (2) creation of fast neutrons
as a consequence of collisions with soil and water particles and (3) exponential decay of fast
neutrons while they travel upward from the place where they were created. COSMIC can be
written as follows (Eq. 2.5):
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where Ø (°) is a dummy variable representing a range of angles and L1 = 162.0(gcm°2), L2 =
129.1(gcm°2), and L4 = 3.16(gcm°2) are universal parameter values, and L3 (gcm°2), NCOSMIC (cph),
and Æ (°) are site dependent parameters. Likewise parameter HMF–parameter Ns, parameter
NCOSMIC is defined as the count rate over water like parameter Ns of the HMF–formula, but is not
inhibited by a drawback like the maximum hydrogen molar fraction value of Ns. The parameters
mw and ms are the integrated mass per unit area (gcm°2) of dry soil and water respectively and
Ωs and Ωw are the dry soil bulk density and density of water (gcm°3). The original model included
soil moisture and lattice water (Shuttleworth et al., 2013), while Baatz et al. (2014) added soil
organic matter water equivalent to this. Shuttleworth et al. (2013) found correlations between

3A forward operator is a computational model that has output from another model, for instance a land surface
model, and produces output that can be directly compared with observations. Data assimilation is the process of
combining model output and observations to obtain an improved estimate of the concerned state variable, in this case
soil moisture content.
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dry soil bulk density and parameters L3 and Æ. The relationship for L3 was especially strong
(r2 = 0.98), but the correlation of the relationship for Æ was considerably lower (r2 = 0.66).

FIGURE 2.6. The three physical processes represented in the COSMIC model that
are assumed to control the aboveground fast neutron count rate. Copied with
permission from Shuttleworth et al. (2013).

Like the two other neutron – soil moisture models, COSMIC was developed with the help
of MCNPx simulations (Shuttleworth et al., 2013). The model was calibrated at 42 sites, using
MCNPx as well, in contrast to the other two models, which were site-calibrated with actual soil
moisture observations. Baatz et al. (2014) however successfully calibrated COSMIC parameter
NCOSMIC at ten German sites, while using the before mentioned relationships with dry soil bulk
density for parameters L3 and Æ.

Shuttleworth et al. (2013) validated COSMIC against neutron and soil moisture observations
at a site in Arizona, showing good correspondence between the simulated neutron counts and the
observed neutron counts. They tested the use of COSMIC in data assimilation with the Noah land
surface model (Ek et al., 2003) at the same site. This resulted in removal of bias between model
simulated and observed soil moisture. Rosolem et al. (2014) employed COSMIC to assimilate
synthetic soil moisture observations in Noah at sub-kilometre scale and later studies used also
real observations. These studies are discussed in Section 2.11.

2.4.4 Comparison of the three methods

In their comparison of the three neutron – soil moisture relationships presented in this chap-
ter (N0, HMF, and COSMIC), Baatz et al. (2014) successfully calibrated each method at ten
German sites with different soil properties, land use, above ground biomass, and meteorologi-
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FIGURE 2.7. Calibration curves for ten CRNS sites in Germany. The N0 method is
shown in black, COSMIC is shown as dashed line, and the HMF method is shown
as gray line. Copied with permission from Baatz et al. (2014).

cal conditions. The three methods performed similarly well and errors over validation periods
(<= 0.033cm3cm°3) were within the sensor measurement uncertainty. The HMF method and
COSMIC yielded especially similar calibration curves (Fig.2.7). The three normalisation parame-
ters (N0, Ns, and NCOSMIC) showed a strong correlation with above ground biomass in this study.
Baatz et al. (2015) also compared the three parameterisations, this time for more CRNS stations
in the Rur Catchment. They concluded all three models performed satisfactorily in this area.

In most studies so far the N0 has been employed, due to its simplicity. The HMF method
has not been used often since its development, possibly due to its greater complexity and the
limitation of the maximum hydrogen molar fraction value. COSMIC has been used mostly in
the context of hydrological modelling and data assimilation, which it was meant to be used for
initially. In Chapter 3 of this thesis the COSMIC operator was used, while in Chapter 4 all three
soil moisture – neutron parameterisations were evaluated, and in Chapter 5 the N0 method and
the COSMIC operator were used. In Chapter 5 the COSMIC operator was further developed to
study the effects of different neutron mitigating factors on neutron count. The result was a model,
named COSMIC2, that could be used beyond the context of hydrological modelling; namely to
investigate the effects of different neutron mitigating factors on the CRNS measurement, through
the means of sensitivity analysis.
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2.5 Field calibration of the neutron – soil moisture
relationships

As mentioned in Section 2.4.1, Section 2.4.2, and Section 2.4.3, the three neutron – soil moisture
parameterisations need to be calibrated for each site separately. This can be done by taking soil
samples within the CRNS footprint. The original field sampling strategy for the N0 method was
to take gravimetric soil samples at three to four depths between 5 and 25 cm depth at sixteen
to twenty-four spots (Desilets et al., 2010). Franz et al. (2012b) calibrated a CRNS at a site
in Arizona by spatially distributing eighteen soil sample points (six layers of 5 cm between 0
and 30 cm at each spot, yielding 108 soil samples per CRNS site) within the sensor footprint in
such way that each location weighted the same towards the average. This approach was applied
throughout the COSMOS network (Zreda et al., 2012) and has been a standard at other locations
since (Bogena et al., 2013; Hawdon et al., 2014; Evans et al., 2016). As explained in further
detail in Section 2.7.1, the knowledge of the CRNS footprint has improved and different sampling
schemes have been applied.

If feasible, volumetric (i.e. the exact volume is known) samples are taken, or otherwise
gravimetric samples are taken, of which the exact volume is not known. A reason to take
gravimetric rather than volumetric samples is the presence of many stones, requiring a large
Representative Elementary Volume (REV; Moene and Van Dam, 2014). Another reason is that
soft or wet soils are possibly compressed inside the soil sampling corer, making it more difficult
to obtain volumetric samples (Zreda et al., 2012). Volumetric samples are the preferred option
because hydrological models and land surface models express water content in terms of volume.
Assigning a field average dry soil bulk density or a dry soil bulk density from literature to
compute volumetric water contents from gravimetric water contents can yield substantially
different values compared to determining the volumetric water content in each sample directly.
The soil samples are weighed first, then dried in a ventilated oven at 105 ° C for 24 hours, and
then weighed again, yielding the water content value for the sample.

Rivera Villarreyes et al. (2011); Heidbüchel et al. (2016); Lv et al. (2014) calibrated the three
coefficients (a0, a1, and a2) of the N0 formula because the fixed shape that the predefined values
of these parameters impose, were shown not to correspond with observations. In Chapter 4 of
this thesis a similar approach was used. Later Köhli et al. (2015) and Schrön et al. (2017) found
the incorrect shape of the N0 equation to possibly be caused by incorrect spatial averaging of
soil moisture samples. Therefore the original fixed parameter values were used in Chapter 5
of this thesis. It was originally assumed that a single calibration day was sufficient for the N0

method because the shape was assumed to be known and hence only the position of the curve
needed to be fixed by calibrating the single parameter N0 (Desilets et al., 2010; Zreda et al.,
2012). However, due to effects of other hydrogen pools on the neutron count rate (Section 2.6),
calibrations at different moments could yield different positions of the curve (Fig. 2.8) or could
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show the need for a different shape of the curve. Moreover, due to uncertainty in soil samples
for all kinds of reasons (e.g. presence of many stones, loss of samples in the process, spatial
heterogeneity in soil properties, insufficient number of soil samples) multiple calibration points
could provide a better estimation of the curve position than a single calibration. The effect of
more than one soil sampling point in time on the quality of the calibration of the three neutron –
soil moisture parameterisations was tested in Chapter 4 of this thesis. Later, Heidbüchel et al.
(2016) approached, for the N0 method, the same problem in a different way. They combined
different calibration days to obtain an estimate of the N0 curve that better corresponded with
the computed footprint average soil moisture at a sandy, forested site in Germany. Soil moisture
contents computed with curves of the different individual calibration days were found to deviate
up to 0.1m3m°3. Using two different calibration days, from a dry day and from a wet day to
redefine the shape of the curve did however yield satisfactory soil moisture estimates. Franz
et al. (2016) recommended, based on results from a mixed agricultural site in North East Austria,
three calibration days to calibrate the N0 parameters. Lv et al. (2014) also recommended multiple
calibration days for the N0 method. Sigouin et al. (2016) did however not find an advantage of
multiple calibration days at their Canadian site.

Dutta et al. (2012); Dutta and Terhorst (2013) proposed a different CRNS calibration method.
They used a machine learning technique by training non-linear empirical equations to estimate
soil moisture from CRNS neutron counts with limited ground truth data. The idea behind this
technique is to remove the point-scale sensors at some moment and still be able to use the CRNS
to estimate soil moisture.

2.6 Effects of other neutron mitigating factors

As mentioned in Section 2.1, primary cosmic-ray radiation intensity and secondary cosmic-ray
high-energy neutron radiation intensity are decreased by multiple factors, varying in space and
time (Desilets and Zreda, 2001b). Changes in the cosmic-ray and high-energy neutron intensity
affect the epithermal–fast neutron count measured by a Cosmic-Ray Neutron Sensor and hence
need to be accounted for to obtain a corrected neutron count time series that reflects the effects of
soil moisture (Zreda et al., 2012).

2.6.1 Temporal and spatial variations in cosmic-ray intensity

Interplanetary magnetic fields and the Earth’s magnetic field control how much cosmic-ray
radiation reaches our atmosphere (Blasi, 2014). When these magnetic fields are stronger, less
cosmic-rays reach the Earth’s atmosphere. Examples are periods of increased solar activity, when
less cosmic-rays reach the Earth due to magnetic fields travelling from the Sun (Desilets and
Zreda, 2001a). Temporal changes in factors controlling cosmic-ray radiation also vary with our
planet’s latitude and are thus also spatially variable (Desilets and Zreda, 2001b). The time scales
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FIGURE 2.8. Schematic of N0–calibration curve and calibration points obtained from
multiple soil sampling days. Different calibration point do not necessarily line up
with a single calibration curve. Arbitrary values.

of the temporal variations vary from minutes to millennia. The temporal changes induced by
these factors on the CCRNS counting rate can be corrected for using measurements from a high-
energy neutron detector (Simpson, 2000). Such a sensor is for instance located at Jungfraujoch in
Switzerland, which is used to correct the neutron counts of the COSMOS network. The measured
epithermal-fast neutron count is divided over the intensity correction factor fi (Eq. 2.6 Zreda
et al., 2012):

Ni = N/ f i = N/(Im/I0),(2.6)

where Im is the high-energy neutron intensity measured at a certain time, I0 is the intensity
measured at a chosen reference date, N (cph) is the raw observed epithermal-fast neutron count,
and Ni is the epithermal-fast neutron count corrected for temporal variations in high-energy
neutron count (cph).

The shielding strength of the magnetic field of the earth for cosmic-rays varies with latitude
and longitude (Desilets and Zreda, 2001a). It is stronger at the equator than at the poles and
hence is the high-energy neutron intensity at the equator relatively lower. After primary cosmic-
rays have managed to reach the atmosphere and high-energy neutrons are created, the chance
of these high-energy neutrons actually reaching the Earth’s surface is lowered with thicker
or denser atmosphere because they can be stopped by atmospheric nuclei. At some places the
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atmosphere is on average thicker or denser than at other places, meaning the long-term average
atmospheric air pressure is higher. The global spatial variability in high-energy neutron intensity
at a specific sensor site is corrected for effects from spatial variations in the geomagnetic field and
the long-term average air pressure with a complicated mathematical procedure (Smart and Shea,
2001). The final local intensity correction factor is however easily computed (Eq. 2.7; Hawdon
et al., 2014):

f i,scaled = (Fi °1)£R+1,(2.7)

where Fi,ref is the intensity correction factor (Eq. 2.6 at the reference site, for instance Jungfrau-
joch, R is a correction factor for latitude and altitude (for instance 0.931 in South England), and
fi,scaled is the final local intensity correction factor This correction factor (fi,scaled; Zreda et al.,
2012), over which the measured neutron count is divided, is assumed temporally constant over
a period of five years (http://cosmos.hwr.arizona.edu/Util/rigidity.php) and hence needs to be
obtained only once every five years for an individual site.

Within site variation of the local intensity correction factor has been shown to vary signif-
icantly; for instance from ~0.95 to 1.15 (Evans et al., 2016) and ~0.86 to 1.22 (Hawdon et al.,
2014). Hawdon et al. (2014) tested the effect on the neutron intensity correction factor from using
different high-energy neutron detectors. They evaluated the sensor at Jungfraujoch, versus using
the high-energy neutron detectors located closest to their Australian sites, and they included
their own neutron detector at Kingston in Tasmania. The overall high-energy neutron intensity
trends were similar, but the variability (size of peaks) differed between the different detectors.
The different neutron intensity correction yielded differences in estimated soil moisture up to
0.015cm3cm°3.

2.6.2 Atmospheric pressure

Atmospheric air pressure changes over time and this affects the high-energy neutron intensity.
The measured epithermal–fast neutron count at the Earth’s surface decreases exponentially with
increasing atmospheric pressure, because more particles were in the neutron’s downward pathway.
The measured epithermal–fast neutron count can be corrected for changes in atmospheric
pressure by multiplying the measured count with the factor fp (Eq. 2.8 Zreda et al. (2012) and
Bogena et al., 2013):

Np = N £ f p = N £ exp(
P °P0

L
),(2.8)

where P0 is a reference atmospheric pressure, for instance the site long term average atmospheric
pressure or mean atmospheric pressure at sea level (1013.25 hPa), P is the measured atmospheric
pressure (hPa), and L is the mass attenuation length4 of high-energy neutrons for dry air in

4The attenuation length of a certain type of radiation, for instance neutron radiation (for a certain material with a
certain mass density) is a measure of how far a radiation particle can travel before being effectively stopped.
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unit gcm°2. Values for L vary between ~128 gcm°2 at high latitudes and 142 gcm°2 at low
latitudes (Desilets and Zreda, 2001b). Np is the atmospheric pressure variation corrected neutron
count (cph); this would be the neutron count measured had the atmospheric pressure been the
same as the reference atmospheric pressure. Differences in altitude between sites can be taken
into account in this correction factor by using a single reference pressure value. Due to the
exponential relationship, atmospheric pressure changes have a relatively large effect on the
measured neutron counts (Zreda et al., 2012; Baatz et al., 2014). Within site variation of the
pressure correction factor has been shown to range from for instance ~0.80 to 1.20 (Hawdon et al.,
2014), and from ~0.75 to 1.30 (Evans et al., 2016). Air pressure is therefore always measured at
a Cosmic-Ray Neutron Sensor site.

2.6.3 Effects of different hydrogen pools on fast neutron intensity

As described in Section 2.3 hydrogen is the most important element in moderating epithermal–
fast neutron radiation intensity. Hydrogen is not only present as soil moisture, but in any other
type of water, for instance as surface/ponding water and water in the atmosphere. Hydrogen is
also present in other molecules, especially in organic molecules, which constitute an important
(~40 %) share of both dead and living biomass (Franz et al., 2013a). Besides hydrogen also other
atoms like nitrogen, oxygen, and carbon can importantly affect the epithermal-fast neutron
radiation (Zreda et al., 2008; Köhli et al., 2015). Carbon, which is abundant near the land surface
in the form of biomass, is an important factor. However, carbon is in case of biomass proportionally
present with respect to hydrogen (organic molecules contain both), and has therefore not been
considered explicitly in most CRNS studies (Franz et al., 2013a; Bogena et al., 2013). For the
same reason carbon is not explicitly considered in the methods employed in this thesis. In the
following sections the relevance of different hydrogen pools on the CRNS signal is discussed.

2.6.3.1 Atmospheric water vapour

Water is present in the atmosphere in the form of water vapour. Rosolem et al. (2013b) investigated
the effects of atmospheric water vapour on the CRNS measured neutron count using both MCNPx
simulations and observations at two sites in the US. Fast neutron intensity changed over a range
of up to 24 % for a water vapour content range of 0 to 23gm°3 based on global observations at
the land surface. A change in atmospheric humidity of 23gm°3 was found to change the neutron
intensity as much as a change of 0.10m3m°3 in soil moisture content would do. Rosolem et al.
(2013b) developed a correction factor to correct for temporal changes in atmospheric water vapour
content, which needs to be multiplied with the measured neutron count (Eq. 2.9):

Nh = N £ f h = N £ (1+0.0054£ (Ωv °Ωv,re f )),(2.9)

where Ωv is the measured absolute humidity (gm°3) and Ωv,ref is a reference absolute humidity,
often set to dry air (0gm°3). Nh is the atmospheric humidity corrected neutron count (cph). To
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obtain absolute humidity values for this correction function, relative humidity RM (%) and air
temperature T (°C) are measured at Cosmic-Ray Neutron Sensor sites. From these measurements
absolute humidity Ωv can be computed (Eq. 2.10):

Ωv = 1000£ ea £100
461.5£ (T +273.15)

,(2.10)

where ea is the vapour pressure in hPa:

ea = es £
RH
100

,(2.11)

where es is the saturation vapour pressure in hPa:

es = 6.112£exp
17.67£T
243.5+T

.(2.12)

Equation 2.9 can be used when air temperature and relative humidity measurements near
the land surface are available, which is the case at CRNS sites. If vertical atmospheric water
vapour profile measurements over tens of metres are available, a similar equation from Rosolem
et al. (2013b) can be used. This equation, which is not shown here, yields similar correction
function values, with a maximum difference of ~0.03 compared to Equation 2.9. Rosolem et al.
(2013b) found Equation 2.9 to give sufficiently accurate estimates even under temperature
inversion conditions in the atmosphere. Baroni and Oswald (2015) however found a significant
day-night cycle in neutron counts at a cropped field in Germany. They attributed this, besides to
vertical redistribution of water in the soil-biomass system, to redistribution of water in the lower
atmosphere. They recommended to further study these patterns and to revisit the assumption
by Rosolem et al. (2013b) of a standard atmosphere with neutral stability. Measurement errors
in relative humidity and air temperature observed near the land surface could propagate to
errors in CRNS soil moisture estimates of up to one order of magnitude less than the effect from
atmospheric water vapour on the signal. Value ranges for absolute humidity observed at CRNS
sites are 3°15gm°3 (Evans et al., 2016) and 1.8°24gm°3 (Hawdon et al., 2014), corresponding
to correction factor values of 0.98 to 1.04, and 1.01 to 1.13, respectively. Within site changes in
measured neutron count due to changes in atmospheric water vapour content are hence usually
smaller than neutron counts changes due to changes in atmospheric pressure and high-energy
neutron intensity.

The presented corrections for sensor counting efficiency, high-energy neutron intensity, atmo-
spheric pressure, and atmospheric water vapour content are usually applied in series, yielding
the corrected neutron count Nepih (Eq. 2.13):

Nepih = N £ f e£ f p/ f i,scaled £ f h,(2.13)

2.6.3.2 Lattice water

Below the land surface not only soil moisture affects the epithermal–fast neutron intensity
measured by the above ground Cosmic-Ray Neutron Sensor. A hydrogen pool present in most
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soils (Desilets et al., 2010) is so-called interstitial water, also called lattice water. This water is so
strongly bound to soil particles that it is actually part of the solid phase and is therefore immobile
(it does not move under the force of hydrostatic pressure differences; Hoogsteen et al. (2015);
Grim (1953) and Zreda et al., 2012). Such water is especially present in clay soils, where it is
found strongly bound in-between clay sheets and as hydroxyl groups that are actually part of clay
minerals (Hoogsteen et al., 2015; Grim, 1953). Water can also be present bound to carbonates and
hydrated salts, which can be found in chalk soils and sodic soils respectively (Hoogsteen et al.,
2015).

The lattice water content can be determined with different laboratory procedures, depending
on the soil chemistry. One common approach is to ignite dry soil samples at 1000 °C (Loss on
Ignition; LOI) after the soil sample was dried at 105 °C for 24 hours to remove unbound water.
Other methods include using an Elemental Analyser (possibly in combination with LOI); a device
which measures the abundance of different elements in a (soil) sample, in this case hydrogen
(e.g. Bogena et al. (2013) and Franz et al., 2013a). Lattice water content can be expressed in
the same unit as soil moisture (gravimetric water content g water g soil°1 or volumetric water
content m3 water m soil°3) and can be treated in a similar way in a neutron count – soil moisture
relationship as shown for the N0 method in Section 2.4.1.

Lattice water content has been shown to vary from approximately zero (quartz rich soils) to
0.07 gg°1 (e.g. clay rich soils) at most COSMOS sites (Zreda et al., 2012), COSMOS-UK sites
(Evans et al., 2016), and Terrestrial ENvironment Observatory sites (TERENO, Baatz et al.
(2014), Sec. 2.9). Three COSMOS sites on Hawaii exceeded the value of 0.07 gg°1, with a value of
0.21 gg°1 in the soil of site Island Dairy, due to the volcanic ash origin of the soil (Zreda et al.,
2012). The quartz rich soil at site Gnangara of the Australian CosmOz network had a lattice
water as low as zero and the sodic soil of the Tullochgorum site had a lattice water content as
high as 0.27 gg°1 (Hawdon et al., 2014). Lattice water is often associated with clay soils, but it
can also be a significant hydrogen pool in peat, as reported by Sigouin et al. (2016) for a Canadian
site where the peat contained 0.05 gg°1. The effect of the presence of lattice water on the CRNS
neutron count signal and the derived soil moisture measured is shown in Fig. 2.5. When more
lattice water is present, the neutron count is lower at the same soil moisture content. This shifts
the curve to the left (from point A to point B in Fig. 2.5).

2.6.3.3 Soil organic matter

Soil organic matter contains hydrogen within its organic molecules. A way to incorporate the
effects of this hydrogen is to compute a water-equivalent from measured Soil Organic Carbon
(SOC) or Soil Organic Matter (SOM) values. Water equivalent values are used for the N0 method
and for COSMIC, while in the HMF method hydrogen is represented instead. The organic matter
water equivalent is commonly calculated under the assumption that organic matter consists of
cellulose (Franz et al., 2013b), with chemical formula C6H10O5, where C is carbon, H is hydrogen,
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and O is oxygen. Based on this assumption soil organic matter has a water equivalent of 56% on
mass base.

There are different methods to determine the SOC or SOM content in soil samples. Which
method is used depends on the availability of resources and on soil characteristics. Likewise lattice
water, an Elemental Analyser can be used to determine total carbon content, from which the
organic carbon content can be computed if also the CO2 content is retrieved with the Elemental
Analyser (Franz et al., 2013b). A cheaper and simpler method is, like for lattice water, the Loss On
Ignition (LOI) method. In the case of organic matter determination the LOI method involves the
burning (ignition) of soil samples at a temperature between ~400 and 800 ° C, after evaporation
of all water at a temperature of 105 ° C. At those high temperatures organic molecules are lost
from the sample but other soil particles are assumed to remain. In practice however, a certain
amount of lattice water is lost and usually a correction factor is applied based on the soil clay
content (Grim, 1953; Howard and Howard, 1990; Hoogsteen et al., 2015). The last step of the LOI
laboratory procedure is to determine the weight loss from which the soil organic matter content
can be determined. To obtain SOM, SOC, and water equivalent values expressed per unit volume
of soil a dry soil bulk density value is needed.

Soil organic matter/carbon water equivalents differ substantially between different soils. At
the COSMOS sites originally presented by Zreda et al. (2012) the average SOC was 0.016gg°1.
The lowest recorded SOC value of 0.001gg°1 was in the sandy soil of site ‘OS-beach’ and the
highest value of 0.061gg°1 was found in the forest soil of Harvard Forest. Evans et al. (2016)
recorded a similarly high value of 0.059gg°1 in the organically managed grassland soil at the
COSMOS-UK Sheepdrove Farm site. The three other original COSMOS-UK sites had SOC
values around 0.03gg°1. Hawdon et al. (2014) reported SOM values for Australian sites, which
varied from 0.002gg°1 to 0.059gg°1. These values correspond with relatively low SOC values of
0.0009gg°1 to 0.026gg°1 Sigouin et al. (2016) found a high average Soil Organic Carbon (SOC)
content of 0.12gg°1 at a Canadian site with a mixed soil that included peat and sand among
other materials.

2.6.3.4 Plant roots

The hydrogen contained within dry plant root biomass and liquid water inside plant roots
has not been quantified as often as soil organic matter and lattice water. There are two main
reasons for this. Firstly plant roots are difficult to sample and the obtained values are relatively
inaccurate due to the complex methods and spatial heterogeneity (e.g. Baatz et al., 2014). These
methods often involve washing roots from soil samples, resulting in a loss of many small roots.
Secondly, it is usually present in substantially smaller amounts than for instance soil organic
matter. For instance, Bogena et al. (2013) found plant roots at a German forest site to contain
a water equivalent of about 0.015cm3cm°3. This was small compared to soil organic matter
(0.048cm3cm°3) at the same site, but similar to the lattice water content (0.012cm3cm°3). The
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root biomass water equivalent can be computed under the same assumption used for soil organic
matter; that the roots consist of cellulose. In the research presented in Chapter 5 of this thesis
root samples were taken and the contribution to the CRNS measured signal was discussed.

2.6.3.5 Organic litter layer

Few studies have investigated the effects of organic litter layer on CRNS measurements. At
many sites no significant litter layer is present (e.g. on farmland, in dry ecosystems). In forests
however, a substantial litter layer is often present. Bogena et al. (2013) found the litter layer in a
German forest to contain a larger share (36 %) of the hydrogen within the CRNS footprint than
soil moisture (21 %) for wet soil conditions. This hydrogen was mostly water intercepted by the
litter layer and Bogena et al. (2013) was able to improve the soil moisture estimate by modelling
water transport within this layer using HYDRUS1D (Šimunek et al., 2008).

2.6.3.6 Ponding water and surface water

Ponding water and surface water have received some attention from CRNS studies. Some studies
used a land–water interface to study the CRNS footprint size (Köhli et al., 2015) and other
studies reported effects of ponding water, some caused by (flooding) irrigation. At one site in
Australia, Montzka et al. (2017) found ponding water to cause discrepancies between CRNS and
satellite soil moisture data, indicating the local effects of ponding water on the CRNS signal.
Significant effects from ponding water on the CRNS measured signal were reported by Jiao et al.
(2014); Zhu et al. (2015) for a dry but flood–irrigated site in the Heihe region of China. Compared
with soil moisture estimates from a wireless point-scale sensor network, the Root Mean Squared
Deviation5 was 0.037cm3cm°3 during irrigated periods, whereas it was 0.028cm3cm°3 during
non-irrigated periods. This difference was attributed to the flood-irrigation. Zhu et al. (2015)
however concluded that despite the effects from additional hydrogen pools like ponding water
and vegetation, the CRNS proved to be a robust method for use in irrigated areas.

2.6.3.7 Snow

Desilets et al. (2010) did some pioneering work to investigate the effect of snow cover on the CRNS
signal. They found good agreement between CRNS Snow Water Equivalent (SWE6) estimates
and independent snow measurements. In a wider study on the quality of snow measurements

5The Root Mean Squared Deviation (RMSD) and Root Mean Squared Error (RMSE), are both defined as the
square root of the mean of the squared differences between two quantities sqrt(mean((A°B)2). RMSE usually refers
to the difference between measurements and simulated values but the term is often used in relation to two different
observations. In this case the mathematically identical Root Mean Squared Deviation (RMSD) is often reported. In
practice the two terms are used interchangeably.

6Snow Water Equivalent (SWE) is the water layer, usually expressed in millimetres, if the snow was melted. It is
a quantity that can be measured directly with certain equipment.
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Rasmussen et al. (2012) reported good agreement between estimates from the CRNS and indepen-
dent measurements with a Root Mean Squared Error (RMSE) of 5.1 mm. Sigouin and Si (2016)
used a CRNS installed in Canada to establish a relationship between CRNS neutron counts and
Snow Water Equivalent (SWE). Soil moisture underneath the snow layer was found to affect the
CRNS snow estimates. To correct for this they advised to measure the soil moisture content just
before the onset of snow cover, at the beginning of winter. They reported overestimated SWE
by the CRNS during substantial snow melt periods. The fit with independent snow measure-
ments had an RMSE of 7.5 to 8.8 mm SWE, similarly to Rasmussen et al. (2012). This compared
advantageously with more traditional, large scale SWE estimates which typically have RMSE
values between 24 and 77 mm. The knowledge developed could also prove useful to design a snow
correction function to estimate soil moisture content.

Tian et al. (2016) used the ratio between thermal and fast neutron counts to estimate
SWE. The thermal/fast ratio correlated well with SWE and including a snow correction based
on the thermal/fast ratio improved soil moisture estimation compared to TDR sensors from
0.097cm3cm°3 to 0.039cm3cm°3.

Currently periods with snow cover are removed from time series when soil moisture content
is studied. Improved knowledge could possibly facilitate these periods to be kept by applying a
snow correction function.

2.6.3.8 Above ground biomass

Above ground vegetation has received significant attention in CRNS studies (e.g. Rivera Vil-
larreyes et al. (2011); Franz et al. (2013b,c); Bogena et al. (2013); Baatz et al. (2014, 2015);
Coopersmith et al. (2014); Baroni and Oswald (2015) and Heidbüchel et al., 2016). Vegetation
contains hydrogen within its dry biomass as well as water inside. Changes in these hydrogen
pools vary differently over time. Biomass can be relatively constant in time, for instance in estab-
lished forests, or it can vary more quickly, for instance on agricultural lands. Rivera Villarreyes
et al. (2011) and Hornbuckle et al. (2012) were some of the first to look at the effects of above
ground biomass on the CRNS signal. They however drew different conclusions for cropped fields
Rivera Villarreyes et al. (2011) concluded that crop biomass did not substantially affect the
CRNS signal but hypothesised this could be different in, for instance, forests. Hornbuckle et al.
(2012) on the other hand, found fresh above ground biomass changes in the order of 1kgm°2 in a
maize field to significantly affect the neutron count. Bogena et al. (2013) found dry above ground
biomass to contain 39–48 % of hydrogen within the CRNS footprint in a German coniferous
forest. These values corresponded with a wet above ground biomass value of 68kgm°2 (Baatz
et al., 2014). Heidbüchel et al. (2016) found similar values for the contribution to total hydrogen
for dry above ground biomass (50–65 %) at a deciduous forest with ~35 % coniferous trees and
grass. They could not find effects of seasonally varying hydrogen in above ground vegetation on
neutron counts and CRNS calibration results. At a heterogeneous cropped field, Coopersmith et al.
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(2014) were able to decrease the RMSD between CRNS soil moisture estimates and those from a
distributed sensor network from about 0.04cm3cm°3 to 0.03cm3cm°3 by using Leaf Area Index
(LAI) estimates to correct neutron counts with an empirical linear function. Baroni and Oswald
(2015) concluded that at a sunflower, maize, and winter rye cropped German site with a relatively
dry soil (0.05°0.20cm3cm°3), fast biomass growth strongly affected the CRNS measured signal.
In addition to these effects they observed effects on measured neutron counts with a higher
temporal resolution from crop water stress.

Tian et al. (2016) used the ratio between thermal and fast neutron counts to estimate above
ground Biomass Water Equivalent (BWE). Their results showed above ground biomass to affect
the thermal/fast neutron count ratio substantially more than soil moisture did. They therefore
argued the thermal/fast neutron count correction method could improve CRNS soil moisture
estimates significantly. Avery et al. (2016) mentioned that fast-growing crops, grassland, and
forest mainly affect the CRNS neutron counts with the water contained in them, more than with
the hydrogen in the dry biomass. They also concluded that effects on the CRNS measured signal
from relatively small changes in above ground biomass (~1kgm°2) are nearly indistinguishable
from noise. Correspondingly, Franz et al. (2016) found relatively small changes (~1.8%) in
parameter N0 between sites with different land uses and vegetation conditions consistent with
biomass changes of less than 2kgm°2. Results from Sigouin et al. (2016) seemed to correspond
with this. Despite obvious vegetation growth between their calibration of the N0-formula in one
summer and validations a year later, no obvious biomass effect was noticed This was possibly
caused by the drier soil conditions or by the still relatively small biomass.

Hawdon et al. (2014) evaluated the effects of biomass at their Australian sites and established
a non-linear relationship between parameter N0 and biomass. Their relationship showed a
strong change in N0 for a change in biomass from 0 to 8kgm°2. This finding contrasted with
results from Baatz et al. (2015); Avery et al. (2016); Franz et al. (2016); Sigouin et al. (2016) that
showed limited effects from small biomass changes. Baatz et al. (2015) found a linear relationship
between parameter N0 and above ground biomass. They found a reduction in neutron counts
of 0.9%kg°1 of dry biomass increase and 0.5%kg°1 Biomass Water Equivalent (BWE) increase.
The uncertainty at small biomass amounts (< 5kgm°2) was however large.

2.6.3.9 Water intercepted by above ground vegetation

Heidbüchel et al. (2016) found vegetation intercepted water to contribute significantly to the
total hydrogen and together with water intercepted in the soil litter layer, this contribution
was up to 5 %. Baroni and Oswald (2015) investigated the effects of intercepted water in a
sunflower / winter rye field. Intercepted water affected the neutron count during rain events,
with maximum intercepted water contents of 6 mm (or kgm°2) in sunflower and 4 mm in winter
rye. They observed daily fluctuations of up to 1.5 mm in CRNS SM estimates, partly attributed to
rainfall interception.
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2.6.3.10 Animals

No scientific papers on the effects of animals on the CRNS signal have been published. The only
instance of research on this topic was when researchers installed a CRNS at the venue of the
‘Fall Meeting’ of the American Geophysical Union in San Francisco, December 2006 (Desilets
et al., 2007). The sensor was used to count the number of people at the venue over time. Animals
contain hydrogen, for instance in the form of body water. It is difficult to measure the effect
of animals, for instance sheep or cattle, on the neutron radiation in a field because they move.
Tracking the animals is probably not feasible in many cases.

2.6.4 The relative contributions from different hydrogen pools at different
sites

The CRNS was developed at sites with favourable conditions, with limited additional hydrogen
pools besides soil moisture. To see if the method was also suitable under rather unfavourable
conditions like a forest in a humid climate, Bogena et al. (2013) tested the uncertainty of
the sensor in their ‘worst case scenario’ study. They analysed the contributions from different
hydrogen pools on the CRNS measured neutron count in a forest in Germany. Depending on
soil wetness conditions, different hydrogen pools contributed differently to the total hydrogen
amount within the CRNS footprint (Fig. 2.9). Under wet conditions the litter layer contained
most hydrogen (36%) and under dry conditions soil moisture (31%) contributed most towards the
total hydrogen, although followed closely by water intercepted in the canopy (27%). Quantifying
the relative contributions towards the total hydrogen pool is just an indicator of the relative
effects on the neutron counts. A more accurate approach could take into account the spatial
distributions of different hydrogen pools (i.e. an organic litter layer has a different distribution
and effect than trees biomass). Therefore, in Chapter 5, COSMIC2 was used to study the relative
effects of different hydrogen pools on CRNS neutron counts and the accuracy and precision of the
CRNS neutron count and soil moisture estimates (see Section 2.8 about accuracy and precision).
Baroni and Oswald (2015) concluded, based on their study on biomass changes and rainfall
interception in a cropped field, that all hydrological processes in the soil-vegetation-atmosphere
continuum need to be considered to properly evaluate the CRNS signal. They used the N0 method
and represented all additional hydrogen pools as an additional water layer in the soil. They
employed a so-called scaling approach to do this, in which CRNS footprint average soil moisture
was estimated from soil moisture measured with one point-scale profile. They used knowledge of
the hydrogen pools on specific days to establish a linear relationship between the two.

Below the ground, either lattice water or soil organic matter is usually the largest hydrogen
pool after soil moisture (Zreda et al., 2012; Franz et al., 2013b; Hawdon et al., 2014; Evans et al.,
2016). Which of these two is more important differs between sites, with soil organic matter often
high in forest soils and lattice water highest in clay soils and especially in volcanic and sodic soils.
The lattice water range reported (zero – 0.27cm3 cm°3) was larger than the water equivalent
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FIGURE 2.9. This figure from Bogena et al. (2013) shows the relative contributions
to the total hydrogen at three wetness levels in the German Wüstebach forest. a
maximal wetness, b average wetness, c driest conditions. OM is organic matter, LW
is lattice water and RM is root biomass. Copied with permission.

of the soil organic matter range (0.001 – 0.077cm3 cm°3 water equivalent) reported. Lattice
water and soil organic matter content affect the neutron counts in a similar way because they
are distributed similarly within the CRNS support volume. Differences in vertical distribution
exist, with soil organic matter content in many soils being higher near the surface than in the
subsoil. Another below ground hydrogen pool discussed is plant roots. This hydrogen pool has
been investigated less due to the difficult sampling process Baatz et al. (2015). In cases where it
has been investigated it was found to be of less importance than lattice water and soil organic
matter (e.g. Bogena et al., 2013).

44



2.7. COSMIC-RAY NEUTRON SENSOR FOOTPRINT AND MEASUREMENT DEPTH

2.7 Cosmic-Ray Neutron Sensor footprint and measurement
depth

The soil volume measured by a CRNS placed within a few metres above the ground is charac-
terised by its horizontal areal dimension and by its vertical depth dimension. The horizontal
dimension is often referred to as the footprint. The vertical dimension is usually conceptualised
with the term measurement depth. Both dimensions have been an important topic of debate in
the CRNS community (Desilets and Zreda, 2013; Franz et al., 2013a; Köhli et al., 2015). Due to
these developments the support volume size is now known to be smaller than originally thought
Köhli et al. (2015). The exact support volume size is especially important when, among others,
soil, land cover, topography conditions are strongly spatially heterogeneous (Franz et al., 2013a).
In this section the footprint is discussed first and then the knowledge of the measurement depth
is presented.

2.7.1 Footprint

Zreda et al. (2008) derived a first estimate of the footprint size using MNCPx. The footprint size
is defined as the area from which 86 % of neutrons originates. They found the footprint size not to
depend on soil moisture content, but it was found to be inversely proportional to atmospheric
pressure. Between sea level and an altitude of ~3000 m the footprint size was found to increase
with about 25 %. The diameter of the circular footprint at sea level was found to be ~670 m at sea
level (Zreda et al., 2008). The relative contribution of neutrons that reach the CRNS decreases
non-linearly with distance from the sensor and can best be described mathematically with an
exponential function. This property of the CRNS measured signal is depicted in the top panel of
Figure 2.10. The (mathematically approximate) exponential decrease in relative influence with
distance is the basis for the standard CRNS calibration soil sampling scheme of the COSMOS
network (Zreda et al., 2012). In this scheme soil samples are taken at such spatial interval that
each point has the same weight towards the CRNS measured signal (Fig. 2.11). The circular area
around the sensor is divided by six radii (every 60 degrees) and circles at 25, 75, and 200 m from
the CRNS. At each radius – circle intersection one of the eighteen sampling points is located.
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FIGURE 2.10. This figure from Zreda et al. (2008) shows the relative contributions
of neutrons originating from different distances (top panel) and different depths
(bottom panel). Copied with permission.
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FIGURE 2.11. COsmic-ray Soil Moisture Observation System (COSMOS) standard soil
sampling scheme (Franz et al., 2012b; Zreda et al., 2012). The sampling points are
distributed such that, according to the knowledge at the time, each point has the
same weight towards the CRNS measured signal (Franz et al., 2012b).
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Desilets and Zreda (2013) investigated the footprint size in more detail and updated the
estimated diameter slightly smaller at 600 m. They based their investigation on the assumption
that free neutrons in the air can be modelled similar to a gas, as a diffusion process. The neutron
intensity ¡ around a point source (from where fast–epithermal neutrons originate), at distance r
from that point source is (Eq. 2.14; Desilets and Zreda, 2013):

¡(r)=
Spt

4ºD
£ e°

r
L

r
,(2.14)

where Spt is the intensity at the source (r= 0), D is the diffusion constant, and L is the e-
folding length that describes the fast-epithermal neutron mitigation due to de-acceleration and
absorption. Two times L is equal to the radius of the area from which 86 % of neutrons reaching
the CRNS originates. The implication of this theory is that neutrons travel randomly through the
air and therefore the length a neutron travels after leaving the soil is on average 150 m in dry air
at sea level. The effect of atmospheric pressure on L was quantified based on the assumptions,
which implied the footprint size was mainly determined by the properties of air (Eq. 2.15):

L = L0
P0

P
,(2.15)

where L0 is the moderation length at reference pressure level P0 (e.g. mean pressure at sea level),
and P is the pressure. They confirmed the finding by Zreda et al. (2008) that the dependence of
the footprint size on soil moisture content is small (5 % decrease in L). The effect of atmospheric
humidity on the footprint was quantified at a decrease of 40 m diameter for every 0.01kgkg°1.
Finally, Desilets and Zreda (2013) discussed the effect of the installation height of the CRNS
on the footprint size. They concluded height differences of a few metres should not affect the
footprint size substantially.

More recently Köhli et al. (2015) however found the horizontal footprint radius, based on
modelling and observations, to be considerably smaller (86 % of neutrons originate 130 to 240 m
from the CRNS). They found the footprint radius to be substantially affected by soil moisture
content under humid climates when soil moisture is between 0.10 and 0.40cm3cm°3 and when soil
moisture content is below 0.03cm3cm°3). Similarly, the radius decreased 10m for each additional
4°6gm°3 atmospheric water vapour The horizontal weighting of Köhli et al. (2015) is a function
of mean soil moisture, mean soil organic matter, mean lattice water, mean plant root biomass
etc., and relative humidity (Eq. 2.16):

Wr º {
F1e°F2r +F3e°F4r , r ∑ 0.5m
F5e°F6r +F7e°F8r ,0.5m < r ∑ 50m

,(2.16)

where the parameter functions Fi are dependent on atmospheric humidity and soil moisture
and r is the radial distance from the CRNS (Köhli et al., 2015). The effects of atmospheric
pressure, atmospheric water vapour, and vegetation on the footprint size were quantified. The
conceptualisation of the effect of atmospheric pressure was practically the same as Equation 2.15.
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The decrease of the footprint size with increasing atmospheric water vapour content as modelled
by Köhli et al. (2015) did not differ substantially from earlier outcomes (Zreda et al., 2012; Desilets
and Zreda, 2013; Rosolem et al., 2013b). The dependency of the footprint size on vegetation was
captured with multiplication factor fveg (Eq. 2.17):

fveg(µ)= 1°0.17(1° e°0.41Hveg )£ (1+ e°7µ),(2.17)

where µ is the volumetric soil moisture content (cm3cm°3) and Hveg (m) is the vegetation height.
This was however a first approximation based on modelling results and Köhli et al. (2015)
therefore recommended to investigate the vegetation effect with observation based studies at
sites with different vegetation conditions.

These new insights by Köhli et al. (2015) on the CRNS footprint size are based on different
assumptions on how neutrons travel air and soil. They showed that the diffusion theory assump-
tion by Desilets and Zreda (2013) was not valid for neutrons travelling through air. Moreover,
assuming diffusive behaviour of neutrons in a single layer of air above the soil neglected the
influence of soil on the neutrons, yielding too few soil – neutron collisions. According to Köhli
et al. (2015), neutrons interact with the soil more often than hypothesised by Desilets and Zreda
(2013). Köhli et al. (2015) also showed that defining the sensor footprint based on exponential
decay Desilets and Zreda (2013) was not a valid assumption because the decay of influence
with distance cannot be described by a simple exponential function. However, using any other
value than 86 % would also be an arbitrary choice, so they kept this percentage as the footprint
definition. Based on their results, Köhli et al. (2015) recommended to take more samples close
(within 10 m) to the CRNS.

Multiple studies have addressed the footprint – spatial heterogeneity question from a more
applied point of view, to accommodate for site specific conditions. Coopersmith et al. (2014)
used so-called Voronoi diagrams to spatially interpolate point-scale network soil moisture to the
CRNS footprint. The Voronoi method assigns weights to different locations according to how
much of a total area (in this case the CRNS footprint) they represent. They used this method to
circumvent disadvantages from other interpolation methods that suffer from the effects of sensor
malfunctioning and from the too high weights attributed to sensors located close to each other.
Baroni and Oswald (2015) used a linear relationship between a single point-scale soil moisture
sensor profile and CRNS estimated soil moisture to have an independent soil moisture estimate
without the need for an entire point-scale sensor network. Almeida et al. (2014) used a machine
learning technique to determine CRNS within footprint spatial variability. Using the machine
learning technique in combination with a network of point-scale soil moisture sensors allowed
to remove the point-scale sensors at some moment but still be able to estimate within footprint
spatial variability afterwards.
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2.7.2 Measurement depth

Zreda et al. (2008) modelled the CRNS measurement depth, yielding a strong dependency on
soil moisture content but no dependency on atmospheric pressure. The measurement depth
was conceptualised similar to the horizontal footprint size; with an exponential decrease of the
relative contribution to the above ground neutron count. The modelled measurement depth varied
between 12 cm for wet soil and 76 cm for dry soil Franz et al. (2012a) studied the measurement
depth in more detail. First of all their simulations showed that if a pure water layer of 5.8 cm
covers the soil surface, 86 % of CRNS measured neutrons originates from this layer, so that
the measurement depth does not reach the soil. They reported measurement depth z§ values
similar to Zreda et al. (2008) with the formula they derived for uniform soil bulk density and soil
hydrogen pools (Eq. 2.18):

z§ = 5.8
µtot +0.0829

,(2.18)

where µtot is the total water equivalent in the soil (cm3cm°3). Based on HYDRUS1D modelling a
non-uniform depth-weighting function was developed (Eq. 2.19:

wt(z)= a£ (1° z
z§

),0∑ wt ∑ z§,(2.19)

where a is a constant (Eq. 2.20:

a = 1
z§ ° (z§r

2z§)

,(2.20)

where z§ is the measurement depth. This formula can be used to compute a depth-weighted
average from independent soil moisture measurements at different depths (e.g. soil samples to
calibrate a CRNS).

Bogena et al. (2013) developed a similar formula to compute profile average soil moisture
contents with exponentially decreasing weights (ws) with depth (Eq. 2.21):

ws = 1° e
°z
y(2.21)

and

y= °5.8
ln(0.14) · (Hp +0.0829)

,(2.22)

where z represents the measurement depth (cm) and Hp represents the total below ground
hydrogen pool in the respective soil layer in g H2O cm°3.

Köhli et al. (2015) also investigated the measurement depth of the Cosmic-Ray Neutron
Sensor, and found measurement depths (15°83cm) to be similar to those from Zreda et al.
(2008) (12°76cm). They took horizontal distance from the Cosmic-Ray Neutron Sensor into
consideration and found the maximum measurement depth at 300m from the sensor to be no
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more than 46cm instead of 83cm just below the sensor. The measurement depth can be calculated
as ((Köhli et al., 2015), Eq. 2.23):

D86(r,µ)= Ω°1
bd(p0 + p1 · (p2 + e°r/100)

p3 +µ
p4 +µ

)),(2.23)

where D86 is the maximum depth 86% of the detected neutrons reached. r is the radial distance
from the CRNS, µ is the total volumetric soil water equivalent (including for instance soil organic
matter), and Ωbd is the dry soil bulk density. Parameters p0°4 are numerical parameters (Köhli
et al., 2015). The vertical weight (Wd) for each point as distance r from the CRNS can be calculated
as: (Eq. 2.24):

Wd(r,µ)= e°2d/D86(r,µ,(2.24)

where d is the depth in cm.
Multiple studies on the effects of using different depth-weighting schemes and of different

hydrogen pools on the measurement depth have been done. Franz et al. (2012a) reported a strong
effect of shallow wetting fronts in sandy soils on the measurement depth based on simulations
with non-uniform soil moisture profiles. Baroni and Oswald (2015) tested three different depth-
weighting techniques (vertically varying weights, uniform weights, and taking the effect of above
ground biomass into account), which yielded different measurement depths varying from 23 to
28 cm. Using vertically varying weights and taking into the account other hydrogen pools gave
the best measurement depth estimates. The argued that a lower measurement depth percentage
value (e.g. 63% instead of 86%) could avoid the need to elaborate the CRNS signal with vertical
weights and make comparison with independent soil moisture measurements easier.

Measurment depth reported across the world vary with soil type and land cover type. Bogena
et al. (2013) reported soil organic matter to importantly affect the measurement depth in a
forest soil during high soil moisture content. Across their Australian sites, Hawdon et al. (2014)
the measurement depth varied in both cases from 14 to 46 cm. Han et al. (2014) reported
measurement depths of 10 to 20 cm for a cropped site in China. Sigouin et al. (2016) reported
average measurement depth of 13 cm at a Canadian oil sand reclamation site with a soil that
contained peat. Zhu et al. (2016) reported a rather deep measurement depth of about 31 cm on
average at a dry high–altitude site in China.

2.8 Measurement quality and prediction error

The first research with the sensor was done at a relatively dry site with little vegetation in the
San Pedro River Valley in Arizona, US (Zreda et al., 2008). Zreda et al. (2008) found a clear
correlation with independent soil moisture measurements and with precipitation events. Since
this first study the CRNS has been tested at many different sites and clear correlations with
independent soil moisture measurements and precipitation have been found at locations across
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different climates, land cover types, and soil types (e.g. Baatz et al. (2014). Good agreement with
independent co-located soil moisture measurements, from for instance distributed point-scale
networks, can indicate good agreement with the actual areal average soil moisture content. It is
then assumed that the distributed sensor network soil moisture estimate is sufficiently close to
the true soil moisture content. When, under this assumption, a CRNS soil moisture time series is
compared with a distributed sensor network average soil moisture time series, the measurement
quality is mainly assessed on its accuracy. Accuracy indicates a systematic bias from the truth
(or target; Fig. 2.12). High accuracy means the average of the estimates is close to the true value.
Another indication of the measurement quality of a sensor is precision. Precision shows how
spread out different estimates of the true value are. A high precision means the variation in
estimates is small. The precision value can be used to determine how many digits of the (soil
moisture) value should be displayed, because digits below the precision have no actual meaning.
A measurement can have a high accuracy (so mean is close to the truth), but a low precision
(large spread of the estimates) or vice versa.

As mentioned above, the performance of CRNS data can be assessed using other, co-located,
soil moisture data. The RMSD is than often used to measure the performance. Whereas it
is usually assumed the accuracy is thereby assessed, also precision contributes to the RMSD.
The RMSD is computed over all timesteps of a timeseries. Splitting the RMSD (or MSD; see
Section 3.2.2) of a timeseries between accuracy and precision is not straightforward. The main
reason is that the bias component (which could be an indicator of accuracy) is computed as the
difference between the mean values of the two timeseries. The difference between these two mean
values would be equivalent to the accuracy only if the length of the timeseries would be one.

In Section 2.8.1 the accuracy of the CRNS will be addressed followed by a discussion on the
precision in Section 2.8.2. In Chapter 5 the difference between the accuracy and precision of
the CRNS are addressed. The effects of different neutron mitigating factors on both metrics are
investigated for three humid sites with distinct soil and land-cover types, in England.

2.8.1 Accuracy

As mentioned, the accuracy of the CRNS has often been addressed by comparing its soil moisture
estimates with the mean of co-located distributed sensor networks. Under favourable conditions
high accuracies have been found. Franz et al. (2012b) for instance found an RMSD value of
0.011cm3cm°3 at a dry, sparsely vegetated site in Arizona. Using a 12-hour moving average,
Schreiner-Mcgraw et al. (2016) found, at two other semiarid sites in Arizona, RMSD values
of 0.009°°0.013cm3cm°3. Under favourable conditions (i.e. relatively dry sites) for the CRNS
technique at a Desert Steppe site in China, Pang et al. (2016) found high similarity between
CRNS and colocated FDR network soil moisture (RMSD of 0.016cm3cm°3). Zhu et al. (2016)
investigated the accuracy of the CRNS under favourable conditions (4600 metre above sea level,
relatively dry) at a Chinese alpine meadow on the northern Tibetan Plateau. The RMSD with soil
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FIGURE 2.12. The difference between accuracy and precision explained with an ‘archery’
target. The target is indicated with the red T. The estimates (or ‘arrow shots’) are
indicated with the black dots.

samples was low with 0.011cm3cm°3. The accuracy of the CRNS however depends on how well
secondary hydrogen pools are accounted for. If for instance the effect of biomass is corrected for
sufficiently, the accuracy is improved. For this reason lower RMSD values with distributed point
scale networks have been reported at sites with less favourable conditions (e.g. dense vegetation).
At many sites across the world, RMSD values are around 0.03cm3cm°3 (Bogena et al., 2013;
Coopersmith et al., 2014; Zhu et al., 2015; Franz et al., 2016; Sigouin et al., 2016).

An issue that affects the accuracy of the CRNS is the neutron count integration time (Zreda
et al., 2008, 2012). A too long neutron count integration time can be insufficient to, for instance,
study the effects of irrigation scheduling. Hydrological processes with short response time, like
rapid surface runoff at arid sites (minutes to hours) are smoothed out when a longer integration
time is used, causing information content loss. Therefore, the neutron count integration time
should be as short as possible, depending on the purpose of the data (e.g. runoff modelling,
irrigation scheduling, studying land surface energy fluxes). However, sufficient precision requires
minimum temporal supports that can be higher than desired (see next section for explanation).
Typical integration times used currently vary from less than 1 hour at sites with high neutron
count rates (Zreda et al., 2008; Han et al., 2014) to a day at sites with low neutron count rates
(e.g. Bogena et al., 2013). Schreiner-Mcgraw et al. (2016) reported higher predicted runoff based
on CRNS soil moisture estimates than for the distributed sensor network. The reason was
probably the daily temporal support of the CRNS values, whereas runoff at these sites is quick,
in minutes to hours. Compared to a point-scale sensor network, CRNS soil moisture dried out
slower, possibly due to the presence of other sorts of water that affected the CRNS neutron counts.
Baroni and Oswald (2015) quantified the effects of temporal variation of different hydrogen pools
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on CRNS accuracy with the differences in N0 values from four different calibration days. These
differences were up to 100 cph, which yielded differences in estimated soil moisture of up to
0.05cm3cm°3. Using a calibration result from one day to estimate soil moisture on the three
other days yielded RMSE values (between soil moisture measured and estimated on three days)
between 0.011cm3cm°3 and 0.019cm3cm°3. Tian et al. (2016) reported substantial improvement
in comparison with independent TDR soil moisture measurements after correcting neutron
counts for Biomass Water Equivalent. RMSE values decreased from 0.039°0.051cm3cm°3 to
0.028°0.030cm3cm°3 and the coefficient of determination increased from 0.68-0.73 to 0.77-0.79.
Han et al. (2014) evaluated the performance of the CRNS at a heterogeneously covered farmland
in China. They concluded the CRNS provided good soil moisture estimates with an RMSD of
0.04cm3cm°3 and a value of 0.72 for the coefficient of determination, while using a neutron count
integration time of one hour only. Lv et al. (2014) evaluated the CRNS against a TDT network in a
forest in Utah. They found a bias (with differences after heavy rain up to 0.08cm3cm°3) between
CRNS and TDT network average soil moisture and reported an RMSE of 0.023cm3cm°3. The
differences were attributed to the lack of shallow (< 10cm) TDT sensors. The TDT sensors did
not respond as strongly to rain events as the CRNS measurements. To improve the fit between
CRNS and TDT, HDRUS1D was used to model the soil moisture at shallower depth with TDT
soil moisture measured at greater depths as input. This reduced biases after heavy rain to
0.02cm3cm°3. This last example shows an important scale advantage of the CRNS.

2.8.2 Precision

First of all the precision of the measured neutron count itself is of importance. The neutron count
precision (EN) is usually defined with the standard deviation. The standard deviation is, based
on Poissonian statistics, equal to the square root of the neutron count N (Knoll (2000); Zreda et al.
(2008), second panel of Figure 2.13; Eq. 2.25):

EN =
p

N ,(2.25)

A Poissonian distribution applies to a non-continuous quantity like neutron count, and becomes a
Gaussian (i.e. normal) distribution for neutron counts above 30 cph. The neutron count signal
therefore has a normal distribution with the domain between the mean minus one standard
deviation and the mean plus one standard deviation containing about 64 % of the spread. The
standard deviation is usually divided over the neutron count to obtain the coefficient of variation
(Eq. 2.26):

CV = E°1/2
N ,(2.26)

The CV increases with decreasing neutron count (third panel of Fig. 2.13), indicating the higher
uncertainty at a lower neutron count. The CV is calculated over the actually measured neutron
count. However, this neutron count is usually corrected for different factors (e.g. high-energy
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neutron intensity, atmospheric pressure, atmospheric water vapour, biomass), yielding a different
neutron count value from which the soil moisture estimate is derived. To obtain the neutron
count precision (or error) for this corrected neutron count, the CV is multiplied with the corrected
neutron count Ncorr (Eq. 2.27):

EN,sm = CV £Ncorr,(2.27)

To increase the neutron count precision the neutron count should be increased (Fig. 2.14).
This can be done by either using a longer integration time or by using larger or more efficient
CRNS tubes (Sec. 2.3.3), or by adding more tubes at the same location. The effect of increasing
the neutron count on EN, CV, or EN,sm can be computed with (Eq. 2.28):

Yn = Y
p

n
,(2.28)

where Y is the original neutron count and n is the multiplication factor, representing the relative
increase in integration time (Eq. 2.29):

n = TY n
TY

,(2.29)

where TY is the original integration time and TYn is the new integration time. Alternatively,
it represents the relative increase in neutron count rate within the certain integration time
(Eq. 2.30):

n = Xn

X
,(2.30)

where X is the original neutron count rate and Xn is the new neutron count rate due to increased
count rate. In contrast with the accuracy, the precision of the neutron sensor cannot be improved
by accounting for different neutron mitigating factors. The CRNS precision is a property of the
natural neutron intensity at a certain location, of the CRNS itself (size, type), and of the neutron
count integration time. The precision can therefore be improved to a desired level by increasing
the neutron count with the efforts mentioned.

At the end the quantity of interest is the precision of the soil moisture estimate (Esm). The
soil moisture error is related non-linearly to the neutron count error, due to the non-linear
relationship between neutron count and soil moisture content (Fig. 2.15). The error at a high soil
moisture content can therefore be a magnitude higher at saturation than at dry soil conditions
(lowest panel of Fig. 2.13). Bogena et al. (2013) produced a Monte Carlo sample of neutron counts
with a normal distribution and the mean at the observed neutron count. They then computed
the soil moisture values for all N0 runs and derived the standard deviation of the soil moisture
error. In Chapter 5 of this thesis a different method was used, to estimate neutron count errors
computed with the newly developed model COSMIC2. While the neutron count has a normally
distributed precision, the soil moisture estimate does theoretically not, due to the non-linear
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FIGURE 2.13. Neutron count (N), Coefficient of Variation (CV), neutron count error
on the soil moisture – neutron curve (EN,sm), and soil moisture error (Esm) as a
function of soil moisture content.

error propagation. At a low soil moisture content, where the slope of the soil moisture versus
neutron count curve is flatter than °1, the error is larger on the left side of the mean than on
the right side of the mean. At wet soil conditions this is the other way around. The difference
between the soil moisture errors on both sides of the neutron count mean is largest where the
steepness of the curve changes quickest.

The precision of the CRNS has received somewhat less attention than the accuracy. Zreda
et al. (2008) described the theory behind the CRNS precision when they introduced the CRNS.
Bogena et al. (2013) paid attention to the precision of the CRNS in their ‘worst case scenario’
study. They estimated the soil moisture precision, reporting a value of 0.013cm3cm°3 at a soil
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moisture content of 0.1cm3cm°3 and 0.183cm3cm°3 at a soil moisture content of 0.7cm3cm°3, for
a neutron count integration time of 1 hour. To obtain an error below 0.04cm3cm°3 an integration
time of 12 hours was needed and to obtain an error below 0.03cm3cm°3 an integration time of
24 hours was needed, at a soil moisture content of 0.7cm3cm°3. Baroni and Oswald (2015) found
substantially increased neutron count randomness at a soil moisture content of 0.20cm3cm°3

compared to at a soil moisture content of 0.05cm3cm°3. In multiple studies (e.g. Baatz et al.
(2014) andBaatz et al., 2015), error bars were shown around neutron count and soil moisture
time series to indicate the CRNS’ performance.

In many studies accuracy and precision are not clearly distinguished and used interchangeably.
Therefore both accuracy and precision of the CRNS are often compared with precision values
for satellite remote sensing soil moisture products and with precision values of point-scale
soil moisture sensors. The target precision value of the SMOS satellite soil moisture product is
0.04cm3cm°3 (Kerr et al., 2001) and the estimated precision value of TDT sensors is 0.04cm3cm°3

(Topp et al., 2001). The common RMSD value between CRNS and distributed sensor network soil
moisture (0.03cm3cm°3) is of comparable magnitude. The same holds for the 12 hour and 24 hour

FIGURE 2.14. Soil moisture plotted against neutron count, with arbitrary values. This
figure shows how the precision of the soil moisture estimate can be increased by
increasing the neutron count by for instance increasing the integration time. In this
specific synthetic case the count rate is doubled, improved soil moisture precision
by 0.02cm3cm°3.
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integration time precision values of Bogena et al. (2013). As mentioned before, the advantage of
the CRNS is that the neutron count can be increased, however at a financial cost (more sensor
tubes or more efficient counters) or at the price of reduced temporal resolution. Because the
precision of the CRNS has received relatively less attention than other issues, the effects of
different neutron mitigating factors on these two separate quantities are addressed in Chapter 5
of this thesis.

FIGURE 2.15. Soil moisture plotted against neutron count, with arbitrary values. This
figure shows that due to the non-linear shape of the neutron count – soil moisture
relationship, the soil moisture precision is considerably higher at dry soil conditions
than at wet soil conditions. Arbitrary values.

2.9 CRNS networks around the world

Large scale networks, with CRNSs spread over countries or even continents, have been estab-
lished in different parts of the world over the past seven years. The first network, the Cosmic-ray
Soil Moisture Observation System (COSMOS; Zreda et al., 2012) was established in the United
States and has been expanded to other regions of the world since. The purpose of the COSMOS
network was initially to create a publicly available CRNS soil moisture dataset for the US, to
help fill the scale mismatch between point scale measurements and satellite remote sensing soil
moisture measurements. Outside the US, CRNSs have been installed in Africa, Europe, and
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South-America. Over a hundred CRNS have been installed as part of the COSMOS network. The
sites of the Australian CosmOz CRNS network, i.e. the Australian National Cosmic Ray Soil
Moisture Monitoring Facility (Hawdon et al., 2014), are also included in the COSMOS database.
The Australian CosmOz network also has a data website of its own (http://cosmoz.csiro.au/)
showing the same data. This network currently includes seventeen CRNS stations across the
islands of Australia and Tasmania.

In Germany CRNSs have been installed within the Terrestrial Environment Observatory
(TERENO; Baatz et al., 2015). This Earth observation network covers multiple areas across
Germany. The purpose of this network is to enable the study of longterm impacts of global
change on ecology, society, and economy at a regional level. Besides CRNSs a wide range of
other measurment instruments have been installed, like point scale sensor networks and eddy-
covariance towers.

A relatively new network is COSMOS-UK, the equivalent of COSMOS in the United Kingdom
(Evans et al., 2016). Within the United Kingdom 41 CRNSs have been installed at sites with
different climatic conditions, land cover types, and soil types. The CRNS at these sites is accom-
panied by, among other instruments, a phenological camera, point-scale soil moisture sensors,
and an automatic weather station.

2.10 Cosmic-ray Rover

Chrisman and Zreda (2013) introduced a mobile CRNS, the Cosmic-ray Rover or CRNS Rover.
The Cosmic-ray Rover is a vehicle on which a CRNS installed, so that soil moisture maps can be
established at horizontal scales of hectares to tens of square kilometres. This is especially useful
to calibration and validation of satellite soil moisture products and for studying spatial patterns
in soil moisture. Other useful applications are precision agriculture and irrigation scheduling.
The width (perpendicular to the driving direction) of the footprint of the CRNS Rover is equal to
that of a fixed CRNS. The length of the footprint is however the distance travelled during the
neutron count integration time. The size of the footprint therefore depends on the driving speed
and the neutron count integration time. This integration time needs to be as short as possible
to obtain a fine resolution, but it needs to be long enough to ensure sufficient precision of the
soil moisture estimate. Chrisman and Zreda (2013) found for their study in the Tucson Basin,
Arizona, US, that in that region applying a seven–minute averaging window over one minute
count integration times yielded optimal results. They used an average driving speed of 55kmh°1,
but the speed varied from standing still to 100kmh°1. With the driving speed the footprint size
changed from 6.4km at 55kmh°1 to 12km at 100kmh°1. At slower driving speed the precision
was higher (especially when stationary) but represented a smaller footprint.

Franz et al. (2015) used a CRNS Rover in combination with three fixed CRNSs in a 12 by
12 km agricultural area in Nebraska, US. They found linear relationships between the fixed
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CRNSs and the Rover estimates for grid cells of with sizes of 1, 3, and 12 km. They could provide
a temporal resolution of 8 hours for the 12 by 12 km area. To validate the linear relationships
between the fixed and mobile CRNSs they recommended to repeat their experiment with study
periods significantly longer than their five months.

Dong et al. (2014) evaluated the precision of the CRNS Rover’s soil moisture estimates in Ok-
lahoma and they showed the Rover’s calibration and validation process. The CRNS soil moisture
estimates corresponded well with spatially distributed point-scale soil moisture measurements
with RMSD (i.e. RMSE) values of 0.03cm3cm°3. This accuracy could be improved on by using a
slower driving speed or by increasing the size of the CRNS tubes. They did not explicitly consider
hydrogen pools other than soil moisture and atmospheric water vapour content. They did however
estimate the effects from lattice water to be approximately 0.034cm3cm°3, from soil organic mat-
ter approximately 0.018cm3cm°3, and vegetation approximately 0.0066cm3cm°3. Avery et al.
(2016) later investigated whether these effects could be quantified from globally available maps
rather than local measurements, because that would enhance the effectiveness of the Rover
technique substantially (see Sec. 2.11 for details). They concluded certain variables, especially
soil bulk density should be measured locally for sufficient accuracy. In Section C.3 of Appendix C,
a study in which CRNS Rover data was used, is presented.

2.11 Cosmic-Ray Neutron Sensor in hydrological studies

So far most studies on the application of CRNS data in hydrological studies have focussed on
data assimilation, soil hydraulic parameter calibration, and the calibration and validation of
satellite remote sensing products. In this section the studies published so far on these issues are
discussed.

Rivera Villarreyes et al. (2014) were the first to investigate the potential of CRNS data to
estimate soil hydraulic parameters. They did this for soil hydrological model HYDRUS1D. Tradi-
tionally, soil hydraulic parameters are estimated from local soil characteristics with pedotransfer
functions (i.e. formulas that relate soil textural properties to soil hydraulic parameter values).
Another method used often is to estimate these parameters using point-scale soil moisture data.
The alleged advantage of the CRNS is here again the larger support volume. Compared to results
from pedotransfer functions and parameter estimation with point-scale sensor data, parameter
estimation with CRNS data derived water storage, yielded improved water storage but not neces-
sarily more accurate soil moisture content and hydraulic pressure profiles. Using the CRNS data
also resulted in better hourly variation in soil moisture profiles than when using point-scale data.
They found some different parameter values with the CRNS technique than with the point-scale
data, for instance higher permeability, which could be explained from the larger soil volume,
which includes relatively more macro-pores. Finally, they recommended to include other field
scale hydrological data, like eddy-covariance evapotranspiration data, to further investigate the
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potential of CRNS data for hydraulic parameter estimation.

Sigouin et al. (2016) tested the CRNS for the specific purpose of reclaiming oil sand mining
locations. Oil companies must re-establish soil and vegetation after oil mining is finished at
these sites. That is done by rebuilding the soil and vegetation regrowth. An appropriate soil
moisture content is needed to properly establish new vegetation because a short period of drought
can mean seedlings will not mature. Soil moisture therefore needs to be measured at such
locations. They installed a CRNS at an oil sand reclamation site in Canada. Sigouin et al. (2016)
concluded the CRNS is a suitable means to measure soil moisture at such a site despite soil
and vegetation heterogeneity. The advantage of the CRNS technique is that the sensor can
be installed at remote locations and then needs little maintenance and disturbance of the soil.
Limitation mentioned were the relatively shallow (< 15cm) measurement depth and possible
significant biomass increase over time.

Schreiner-Mcgraw et al. (2016) compared CRNS measured soil moisture with change in soil
moisture computed with a water balance equation. This yielded good agreement with RMSE
values of 0.001cm3cm°3 and 0.082cm3cm°3 at two distict US sites. Large infiltration events at a
site with a more rocky soil were not well captured by the CRNS, yielding underestimated soil
moisture compared to the water balance method. They quantified the link between soil moisture
and evapotranspiration at both sites and found predictive relationships for both sites, which
could be applicable to semiarid ecosystems in the southwestern US. At one of the sites CRNS soil
moisture showed a stronger link with evapotranspiration than the distributed sensor network
soil moisture did. They attributed this to the CRNS’ ability to detect drier soil conditions than
the sensor network and to the decreased spatial scale mismatch with evapotranspiration data
measured with eddy-covariance. They also concluded that the CRNS can discriminate between
dry soil conditions better and so predict bare soil evaporation more accurately.

Avery et al. (2016) tested if lattice water, soil bulk density, soil organic carbon, and vegetation
estimates from globally available datasets could be used instead of local samples. Such less
labour intensive data acquisition could be especially advantageous to CRNS Rover studies and
(distributed) modelling. They used the Global Soil Dataset, a soil taxonomic classes map, and
correlation between soil clay percentages and lattice water content to establish a lattice water
map. They found positive relationships between local sample data and their lattice water soil
bulk density, soil organic carbon, and vegetation estimates with low correlations (coefficient of
determination of 0.18 for soil organic carbon and 0.68 for clay percentage). They found the rela-
tionship between clay percentage and lattice water to be strong for one soil group (Mollisols) only.
This soil group is however important for worldwide agricultural production. They recommended
to take local soil bulk density samples at all sites and to take local soil organic carbon samples in
case of strong soil organic carbon vertical gradients. Finally, they recommended to, especially for
Rover applications, to establish maps that discriminate between rainfed cropland and irrigated
cropland, and to include features such as roads and natural areas explicitly.
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Chapter 3 of this thesis addresses the topic of the potential of CRNS data to calibrate soil
hydraulic and evapotranspiration parameters. One difference with the studies discussed here
before is that the performance of a land surface model after calibration with CRNS data is
compared with the performance of the model after calibration with point scale soil moisture
data. This comparison provided some insight in the significance of the spatial scale mismatch to
improve hydrological modelling.

One application of CRNS soil moisture estimates is by assimilating these data into hydrologi-
cal models to improve estimates of soil moisture, hydrological and surface energy fluxes, and to
obtain effective parameter values. Soil moisture data assimilation is the technique of adjusting
the soil moisture model state to a value between the original model state and an observed value.
As mentioned in Section 2.4.3, Shuttleworth et al. (2013) and Rosolem et al. (2014) were the
first to assimilate CRNS data in a land surface model; Noah. Rosolem et al. (2014) assimilated
synthetic CRNS data for three sites with distinct climatic and land-cover conditions; a semi-arid
shrubland, a rainfed agricultural field, and a mixed forest. At the semi-arid site both bi-daily
and hourly assimilation of CRNS data with a measurement depth of 12–20 cm improved soil
moisture profiles up to 100 cm remarkably well. At the other two sites however, hourly data
assimilation led to considerably better soil moisture profile estimates than bi-daily data assimi-
lation. These outcomes show potential for hydrometeorological modelling when high-frequency
CRNS data is available. Han et al. (2015) investigated whether bias in simulated soil moisture
contents could be removed by assimilating real neutron count data into the Community Land
Model (CLM). In their case there was no irrigation input available for there model in an area
in Area in the irrigated Heihe catchment in China. Assimilating neutron counts into CLM did
yield improved soil moisture profile estimation and was able to remove the bias. Compared to
independent point-scale soil moisture measurements the RMSE improved from 0.20cm3cm°3

to 0.09cm3cm°3. Evapotranspiration / latent heat flux and sensible heat flux also improved
by over 50%. Most improvement was obtained if not only CRNS data was used to update soil
moisture, but when more accurate LAI values were used and if land surface temprature was
updated simultaneously using MODIS satellite data. Han et al. (2016) used synthetic CRNS
data to remove soil moisture bias and to estimate soil hydraulic properties. Their goal was to
improve irrigation scheduling. Estimation of required irrigation amount improved with 86%
while evapotranspiration estimation did not improve, due to excessive irrigation, which resulted
in sustained potential evapotranspiration. They concluded improvements are needed to make
CRNS data assimilation a practical tool for irrigation scheduling. Recommended improvements
included modelling of neutrons under high vegetation coverage, precise weather forecasts, and
especially cooperation of farmers.

Baatz et al. (2017) also assimilated CRNS data into CLM. They updated both soil moisture
state and soil hydraulic parameters over time with data from CRNS stations in the Rur area in
Germany. Compared to simulations with soil parameter values based on an erroneous, biased
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soil map, soil moisture state update improved soil moisture estimation, but also updating the
parameters yielded a more substantial improvement. On average RMSE values improved from
0.12cm3cm°3 for simulations without any data assimilation to 0.05cm3cm°3 for simulations
with updates soil moisture and parameters. Improvement was seen compared to the erroneous
soil map, but not compared to a more detailed, local soil map. They therefore concluded that
assimilation of CRNS data could be useful to regions with little soil information.

Another use of CRNS data is to calibrate and validate satellite remote sensing data to improve
the use of such soil moisture sensor data in hydrological investigations. A potential advantage of
CRNS data compared to point-scale data is the larger footprint. Multiple studies have been done
to identify the potential of CRNS data in this context. Hornbuckle et al. (2012) were the first
to look at this issue, by analysing the effects of vegetation on the CRNS signal. They concluded
CRNS sensor data must be corrected for the effects of growing vegetation to be used to validate
soil moisture and vegetation satellite remote sensing products. Renzullo et al. (2014) combined
investigating the potential of the CRNS in the context of satellite remote sensing with studying
the potential of CRNS data for both hydrological modelling and calibration / validation of remotely
sensed soil moisture data. Using a range of Australian sites, they found it a disadvantage that
most CRNS in Australia were located in places with higher error in satellite remote sensing
data due to dense vegetation cover and close proximity to the sea. They recommended further
work on assimilating CRNS data into hydrological models. Pang et al. (2016) also concluded, for
a Desert Steppe site in China, that based on high similarity (a zero RMSE and an R2 of 0.97)
between CRNS soil moisture and remotely sensed soil moisture, CRNS is a viable means to
validate remotely sensed soil moisture.

Kȩdzior and Zawadzki (2016) compared CRNS soil moisture data from a site in Poland with
Soil Moisture and Ocean Salinity (SMOS) satellite remote sensing soil moisture data and soil
moisture data from the Global Land Data Assimilation System (GLDAS)7. Correspondence
between CRNS and SMOS data was better than with GLDAS data. CRNS and SMOS data
showed similar dynamics. CRNS soil moisture data described soil moisture in deeper soil layers
better than the SMOS data, possibly due to the deeper measurement depth (maximum 24 cm for
CRNS versus maximum 5 cm for SMOS). Montzka et al. (2017) did a more elaborate comparison
of CRNS data with satellite remote sensing data (and GLDAS data); they included different
regions of the world (Germany, Arizona, California, Australia, Kenya, and India). They evaluated
four different satellite remote sensing soil moisture products in their comparison: SMOS, Soil
Moisture Active Passive (SMAP), Advanced Microwave Scanning Radiometer-2 (AMSR-2), and
METOP-A/B Advanced Scatterometer (ASCAT). Overall, SMAP showed a relatively low bias,
similar dynamics, and highest-signal-to-noise ratio compared to CRNS data. They argued that
to better use CRNS data to calibrate or validate satellite remote sensing data, an operational
biomass neutron count correction model is needed.

7GLDAS data is generated by running distributed land surface models to obtain a spatially and temporally
continuous soil moisture product for use in hydrological models.
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2.12 Outlook

Based on this chapter it should be clear that there have been developments on multiple fronts of
the CRNS topic. The knowledge of the sensor footprint size and measurement depth has been
improved especially (Köhli et al., 2015; Schrön et al., 2017). The effects of different hydrogen
pools on CRNS soil moisture estimates have been the subject of a relatively large number of
CRNS studies. As mentioned in Section 2.6.4, it differs between sites which hydrogen pools are
most important to the correct interpretation of the CRNS neutron counts. The magnitude of the
effects of above ground vegetation on the CRNS signal is not a finished topic either. For these
reasons it is not completely clear yet which should hydrogen pools should be quantified at which
types (i.e. land cover, soil type, climate, altitude) of sites.

Two other topics on which more improved knowledge can be expected are the value of CRNS
data for hydrological studies and calibration and validation of satellite remote sensing soil
moisture products (Sec. 2.11). These topics were the most important intended applications of
the CRNS. With regard to calibration and validation of satellite remote sensing soil moisture
products, vegetation correction methods can be investigated. Satellite remote sensing – CRNS
Studies can be expanded to new regions where CRNS have been installed. CRNS data can be
used in the context of different hydrological models, given studies have so far focussed on the
Community Land Model, Noah, and Hydrus1D. Studies with catchment hydrological models can
be expected in the future (personal communication with M. Schrön). Another opportunity for
research is the simultaneous use of CRNS soil moisture data and Eddy-Covariance heat flux data.
So far, hydrological modelling studies and land surface modelling studies have used CRNS data
alone for calibration and data assimilation. However, to better understand the potential scale
advantage of the CRNS, the effect of improved model soil moisture due to using CRNS data on
simulated evapotranspiration should be evaluated. This topic is addressed in Chapter 3.

Another issue that has received attention is the question how many calibration days are need
at different sites, especially at humid sites. This question is addressed in Chapter 4. A final open
question that has not been addressed by the CRNS community yet, is the separation of the CRNS
accuracy and precision and the question how much different neutron mitigating factors influence
these two separate metrics. Therefore, in Chapter 5 the effects of different relevant neutron
mitigating factors on the CRNS accuracy and precision at three humid sites with different soil
types and land cover types in South-England are investigated.
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