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Abstract The cosmic ray neutron method was developed for intermediate-scale soil moisture detection,
but may potentially be used for other hydrological applications. The neutron signal of different hydrogen
pools is poorly understood and separating them is difficult based on neutron measurements alone.
Including neutron transport modeling may accommodate this shortcoming. However, measured and
modeled neutrons are not directly comparable. Neither the scale nor energy ranges are equivalent, and the
exact neutron energy sensitivity of the detectors is unknown. Here a methodology to enable comparability
of the measured and modeled neutrons is presented. The usual cosmic ray soil moisture detector measures
moderated neutrons by means of a proportional counter surrounded by plastic, making it sensitive to
epithermal neutrons. However, that configuration allows for some thermal neutrons to be measured. The
thermal contribution can be removed by surrounding the plastic with a layer of cadmium, which absorbs
neutrons with energies below 0.5 eV. Likewise, cadmium shielding of a bare detector allows for estimating
the epithermal contribution. First, the cadmium difference method is used to determine the fraction of ther-
mal and epithermal neutrons measured by the bare and plastic-shielded detectors, respectively. The cadmi-
um difference method results in linear correction models for measurements by the two detectors, and has
the greatest impact on the neutron intensity measured by the moderated detector at the ground surface.
Next, conversion factors are obtained relating measured and modeled neutron intensities. Finally, the
methodology is tested by modeling the neutron profiles at an agricultural field site and satisfactory agree-
ment to measurements is found.

1. Introduction

Important processes like evapotranspiration, infiltration, and overland flow are moisture dependent. Soil
moisture may vary considerable in space and accurate time series of intermediate-scale (hundreds of
meters) soil moisture estimates is highly relevant and valuable for validation and calibration of
catchment-scale hydrological and climatological models used for water resource management and deci-
sion making [Western et al., 2002]. Soil measurements at a scale comparable to the resolution of many of
these models can be determined using the cosmic ray neutron detector [Zreda et al., 2008, 2012]. The
potential of neutron detectors of additional applications is wide and may accommodate hydrological
studies as well as other fields of interest. Applications may include detection of biomass, canopy inter-
ception, soil organic matter and snow, and may furthermore set the base for the advancement of the
soil moisture estimation method. Especially, this will be true at field sites characterized by these features
and processes (e.g., forest). A canopy interception estimation method would be valuable as the canopy
interception loss in forests may form a major part of the total evapotranspiration [Ringgaard et al., 2014].
The variable is dependent on many factors (e.g., weather, climate, forest structure, tree type, and size)
and may therefore vary considerably both temporally and spatially. The classic methods for canopy
interception estimation are uncertain and only applicable at small scale [Dunkerley, 2000], and an
intermediate-scale method may set the base for improved evapotranspiration estimates in forests.
Different disciplines would gain from a method capable of quantifying intermediate-scale biomass as
the forest forms an important resource for renewable energy and timber production. Afforestation is
also used as climate change mitigation as carbon is stored in the biomass at tree growth. Biomass esti-
mation from allometric models is the most typical method [Jenkins et al., 2003], but is expensive in man-
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hours, especially when larger areas are considered and an estimate of seasonal/annually tree growth is
required.

Above the ground surface, the neutron intensity (eV range) is dependent on the elemental composition
and density of the surrounding air and soil matrix. The components are stable, quasi-stable or dynamic,
resulting in varying neutron intensity over time. The intensity of moderated neutrons is inversely correlated
with hydrogen present at and near the land surface [Zreda et al., 2008]. Using the cosmic ray neutron meth-
od, soil moisture can be estimated in the top decimeters of soil and over a horizontal footprint of hectome-
ters [Desilets and Zreda, 2013; Kohli et al., 2015]. Several studies have found that cosmic ray neutron-derived
soil moisture values agree with independent area average soil moisture measurements obtained from
distributed-sensor networks or gravimetric soil sampling for various types of ecosystems and land covers,
e.g., semiarid field sites in southern Arizona, USA [Zreda et al., 2008, 2012; Franz et al., 2012a], humid field
sites in northern and western Germany [Rivera Villarreyes et al., 2013; Bogena et al., 2013; Baatz et al., 2014],
and at various field sites in Australia [Hawdon et al., 2014]. Furthermore, soil moisture at a scale more suit-
able for validation and calibration of hydrological catchment models and remotely sensed products have
been mapped using the cosmic ray rover in southern Arizona, USA [Chrisman and Zreda, 2013], Oklahoma,
USA [Dong et al., 2014], and eastern Nebraska, USA [Franz et al., 2015]. Moreover, the cosmic ray rover has
been used for validating the universal calibration function [Franz et al., 2013b] at field locations of various
environmental settings and land covers in Australia [McJannet et al., 2014].

Hydrogen is present in several other pools of interest for hydrology besides soil moisture, including atmo-
spheric water vapor, snow, canopy interception, biomass, lattice water, and soil organic matter [Ochsner
et al., 2013]. Franz et al. [2013a] found the measured cosmic ray neutron intensity to be lower at field sites
with extensive forest covers. The effect of biomass water on the intensity of moderated neutrons was
assessed in a pine forest in Arizona, USA, and a maize field in lowa, USA, by independently quantifying all
other pools of hydrogen within the footprint using the framework presented in Franz et al. [2013b].
Recently, correction functions to account for aboveground biomass have been suggested [Baatz et al., 2015;
Heidbiichel et al., 2015].

Quantifying additional hydrogen pools solely from measured cosmic ray neutron intensities is challenging.
The hydrogen pools are distributed both above and below ground (i.e., tree trunks, foliage, soil moisture,
and intercepted precipitation within a forest) and these are often also subject to dynamic behavior. Forest
vegetation may be assumed to be quasi-static, while canopy interception, soil moisture, and snow is
dynamic due to varying meteorological conditions such as precipitation, evaporation, sublimation, and
melting.

While there are potentially several unknowns in the system, there are also potentially several ways that neu-
tron intensity can vary in response to these unknowns. These variations include changes in the neutron
energy spectrum and changes in the altitude profile of neutron intensity, or a combination of both [Desilets
et al., 2010]. Thermal neutrons are like epithermal neutrons sensitive to hydrogen and are therefore also rel-
evant to consider for hydrological applications. In terms of the physical properties, thermal and epithermal
neutrons are very different. This may cause the signal of a specific variable to be different for the two ener-
gy ranges, and the signals may provide valuable information both separately and jointly. Procedures to sep-
arate and quantify the hydrogen pools can potentially be based on measurements of neutron intensity
alone, thereby eliminating the need for tedious and labor intensive surveys using independent methods.
Desilets et al. [2010] stressed the potential of estimating soil moisture and biomass simultaneously using
neutron detectors installed above and below the forest canopy. The effect of separate hydrogen pools on
the neutron intensity profiles is poorly constrained by experiment. This is in part because multiple processes
can occur simultaneously (e.g., drying/wetting of soil and canopy), and because the detected neutron inten-
sities from conventional small-size cosmic ray neutron detectors are noisy at short time scales. For example,
an appropriate time scale for canopy interception is subhourly to hourly, and this effect is difficult to mea-
sure with adequate precision using neutron detectors.

Modeling neutron transport at specific field locations and at different environmental settings can serve as
an essential tool to isolate the effect of different types of hydrogen pools. A representative model mimick-
ing measured neutron intensities can be used to evaluate the effect of different elements and hydrogen
pools on thermal and epithermal neutrons by varying the governing variables and parameters. This may
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be used to improve the method for soil moisture estimation as the signal of the other influencing compo-
nents on the thermal and epithermal neutron intensity can be removed. This will especially be relevant
for neutron intensity detection at forest field sites. Here multiple hydrogen pools of considerable sizes
affect the neutron intensity signal resulting in cosmic ray soil moisture estimates of higher uncertainties
[Bogena et al., 2013; Franz et al., 2013a]. Moreover, modeling neutron transport may set the base for the
development of additional applications for the cosmic ray neutron intensity method. This includes meth-
ods to estimates canopy interception, biomass, soil organic matter and snow, and involves thermal and
epithermal neutrons at multiple height levels above the ground surface. In the literature, neutron flux
modeling within the field of hydrology has mostly been focused on: (1) development of a standard rela-
tionship between neutron intensity and soil moisture, known as the Ng method [Desilets et al., 2010]. (2)
Investigation of the detector footprint [Desilets and Zreda, 2013; Kohli et al., 2015]. (3) Determination of a
universal calibration function [Franz et al., 2013b]. (4) Development of a water vapor correction model
[Rosolem et al., 2013]. (5) Investigation on the effect of snow cover on the cosmic ray neutron intensity
[Zweck et al., 2013]. (6) Examination of the ground surface thermal and epithermal neutron intensity
response to hydrogen [McJannet et al., 2014]. Modeling of neutron intensity measurements from a partic-
ular field location using site specific soil chemistry has only been conducted for the development of the
universal calibration function [Franz et al., 2013b]. However, validation of neutron transport modeling was
not performed in the study.

To enable model validation, the energy ranges of the measured and modeled neutron intensities need to
be aligned. Specific energy ranges of thermal (0-0.5 eV (electron Volt) by Zweck et al. [2013] and McJannet
et al. [2014]) and epithermal neutrons (10-1000 eV by Desilets and Zreda [2013] and McJannet et al. [2014])
are modeled, while the exact energy sensitivity of the bare and the moderated neutron detector is not
well known. McJannet et al. [2014] found a better agreement to ground surface measurements of the mod-
erated detector when the modeled neutron intensity consisted of 30% thermal neutrons and 70% epither-
mal neutrons, relative to 100% epithermal neutrons. However, the suggested fraction of thermal and
epithermal neutrons measured by the moderated detector is based on guesses. The response of the neu-
tron detector may vary with height above the ground, location and detector and a more thorough exami-
nation of both the bare and the moderated detector is necessary. Studies of the response of the neutron
detectors are found in the literature within the field of radiation protection and fundamental science on
cosmic radiation. For example, the neutron flux and its energy distribution for neutrons at energies 10 '°
MeV to 100 GeV (1 eV = 1.6 X 10~ '? J) has been examined with great detail using measurements (neutron
spectrometer) and particle modeling [Clem and Dorman, 2000; Goldhagen et al., 2002; Gordon et al., 2004;
Ruhm et al., 2009].

Furthermore, both the measured and modeled neutron intensities are relative, not absolute. Measured
intensities depend on the specific neutron detector characteristics such as size, type and pressure of ioni-
zation gas, and thickness of moderating material as well as the geographical location of the detector
both with respect to elevation (atmospheric pressure) and geomagnetic cutoff rigidity [Desilets and Zreda,
2001, 2003; Desilets et al., 2006; Zreda et al., 2012]. On the other hand, modeled intensities are the ratio of
counts to the number of particles released at the upper boundary of the numerical model [Pelowitz,
2011].

In this paper, we develop a method to make measured and modeled neutron intensities directly compara-
ble and thus providing a possibility to expand the use of the cosmic ray neutron method for additional
hydrological applications. The method involves separating the thermal and epithermal neutron intensities
from raw measurements. Pure thermal and epithermal neutron intensities are acquired by removing the
epithermal neutron contribution and the thermal neutron contribution from the bare and the moderated
detector, respectively. Model-to-measurements conversion factors are determined to allow for a direct com-
parison of measurements and modeling. We consider our study as a first step toward merging measure-
ments and modeling. Therefore, we recommend further studies and technical developments in order to
advance the method and reduce the uncertainties.

Neutron energy correction models are determined by applying the cadmium difference method [Knoll,
2010] for three field locations (Gludsted Plantation and Ringkgbing Fjord, western Denmark, and Wiistebach
Test Site, western Germany) in order to obtain thermal and epithermal neutron intensities from bare and
moderated detectors. We evaluate the impact of using the deduced neutron energy correction models on
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measurements from Gludsted Plantation. To enable future investigation on the potential of estimating can-
opy interception and biomass using neutron detectors above and below the forest canopy, the neutron
energy correction models have to be applied for neutron intensity at multiple height levels. Therefore, con-
tinuous time series of cosmic ray neutron intensity measurements (2013-2015) at two heights, as well as
neutron profiles with temporary neutron detection (hours) at multiple height levels from the ground surface
to 35 m height are used. The neutron profiles of the Gludsted Plantation were detected during two field
campaigns (November 2013 and March 2014).

Model-to-measurements conversion factors are found by relating measured and modeled neutron intensi-
ties over reference conditions (100% water) in order to enable modeling of measured neutron intensities.
Finally, the proposed methodology is demonstrated by comparing measured and modeled neutron intensi-
ty profiles for an agricultural site in western Denmark.

2. Field Sites

Data from four field locations are used in this study (Figure 1). The Gludsted Plantation, the Ringkebing
Fjord, and the Voulund Farmland are situated in western Denmark in the Skjern River catchment and
form part of the Danish hydrological observatory (HOBE) [Jensen and Illangasekare, 2011]. The
Wiustebach Test Site is a subcatchment of the River Rur basin in the western part of Germany and is part
of the TERENO Eifel/Lower Rhine Observatory [Zacharias et al., 2011]. Details of the individual sites are
given below.

2.1. Gludsted Plantation

The Gludsted Plantation is a forest field site located within Denmark’s largest coniferous forest plantation
(approximately 3500 ha) (Figure 1). The field site is located on a glacial outwash plain with flat terrain and
sandy stratified soils (56°04'24”"N 9°20'06"E). The elevation is approximately 50 m above sea level. The planta-
tion consists primarily of rows of Norway spruce (Picea abies). Soils are nutrient depleted with a low decompo-
sition rate, resulting in a thick and continuous organic-rich litter layer of 7-10 cm on the forest floor. The dry
aboveground biomass within the footprint of the cosmic ray neutron detector was estimated to be around 100
t/ha using Light Detection and Ranging images (LIDAR) from 2006 and 2007 [Nord-Larsen and Schumacher,
2012]. Measurements of cosmic ray neutron intensity at multiple heights were made from a 38 m high tower.

2.2. Ringkgbing Fjord

The Ringkebing Fjord is a shallow brackish lagoon located in the western part of Denmark around 60 km
west of the Gludsted Plantation (Figure 1). It covers an area of about 300 km? and is fed by saltwater from
the North Sea and freshwater from streams and groundwater discharge [Kinnear et al., 2013]. The inflow of
seawater is controlled using a slushing system at the inlet to Ringkebing Fjord and the salinity is at a detec-
tion station in the center of the fjord measured to be between 6 and 15 ppm [Haider et al., 2015]. A water
sample was collected approximately 500 m from the eastern shoreline (55°59'31”N 8°18'04”E) on 30 June
2014. The chemical composition of the brackish water was determined using Atomic Absorption Spectros-
copy and lon Chromatography (Table 1).

2.3. Voulund Farmland

The Voulund Farmland (56°02'14”N 9°09'38"E) is an agricultural field site located in the central part of Jut-
land (Figure 1). The field site, situated approximately 10 km west of the Gludsted Plantation, is located on
the same outwash plain as described above approximately 57 m above sea level. The soil is a spodosol con-
sisting of coarse sand with 25 cm thick organic-rich topsoil.

Soil samples were collected at 108 locations on 23 September 2015 following the scheme of Franz et al.
[2012a] and area average soil moisture and dry bulk density were calculated for the top 20 cm of the soil.
The soil organic carbon was determined for a mixed sample of 108 soil samples collected on 29 August
2013. Further, major element chemical composition of the topsoil was determined using the X-ray Fluores-
cence Analyzer (Table 1). The sensitivity of rare earth elements on thermal and epithermal neutron intensity
was determined from modeling using elements with considerable cross sections. The analysis suggested
the element Gadolinium (Gd) to be an important sink for thermal neutrons due to the high thermal neutron
absorption cross section of around 49,000 barns (1 barn = 10~2* cm?). The Gd concentration was found to
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Figure 1. Map showing the locations of the four field sites.

be 0.51 ppm in the topsoil for a location situated 15-20 km from the Voulund Farmland field site [Salminen
et al., 2005]. The site is located at the same outwash material and is assumed to be representative of the
Voulund Farmland field site.

Measurements of cosmic ray neutron intensity at several heights were conducted from a 12 m high
tower.

2.4. Wiistebach Test Site

The Wistebach experimental test site (50°30'N, 6°19E) is a forest field site located approximately 595-
625 m above sea level with an average slope of 3.6% (Figure 1). The vegetation consists primarily (90%) of
Norway spruce (Picea abis) planted in 1946. From tree allometry, the dry aboveground biomass was esti-
mated to be around 300 t/ha [Baatz et al., 2015]. The soil thickness ranges between approximately 1 and
2 m and the soil texture is loamy silt. The soil is overlaid by a litter layer with a thickness between 0.5 and
14 cm [Bogena et al., 2015]. Measurements of cosmic ray neutron intensities at different heights are made
possible from a 38 m high meteorological tower. Since February 2014, neutron intensities are measured
using bare and moderated detectors mounted at 1.5 and 30 m height, respectively.

3. Cosmic Ray Neutron Methodology

3.1. Terminology
The following terminology is used for the neutron energy ranges representative of different behaviors and
sensitivities:

1. Thermal neutrons: energies in the range of 0-0.5 eV.
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Table 1. The Chemical Composition of the Water for the Saltwater, the Freshwater (at 10°C) and the Ringkebing Fjord Models, As Well
As for the Soil of the Voulund Farmland and the Pure Silica Soil (SiO,) Models®

Saltwater Ringkebing Fjord Freshwater Voulund Farmland Pure SiO,
(mol/cm?) (mol/cm?) (mol/cm?) (mol/cm?) (mol/cm?)
H 0.1098° 0.1112¢ 0.1110° H 0.0038° 0.0179¢
o) 0.0550° 0.055¢ 0.0555° 0 0.0448° 0.0547<4
Na 497E-4° 1.36E-4° Si 0.0199¢ 0.0229¢
Mg 5.65E-5° 1.39E-5¢ Al 0.0016°
Ca 1.10E-5P 3.45E-6° P 1.04E-4¢
K 1.09E-5° 6.39E-7° K 2.89E-4¢
cl 5.80E-4° 1.73E-4° Ca 1.08E-4°
S 3.00E-5° 7.40E-6° Ti 5.46E-5°
C 2.46E-6° Fe 2.73E-5¢
N 7.18E-12° C 0.0023¢
P 7.46E-7° Gd 4.46E-9¢
Br 1.46E-7¢
F 3.50E-7¢
Water density 1.025¢ 1.0125¢ 1.00° Dry bulk 1.472 1472
(g/cm?) density (g/cm?)

#Standard chemical composition of seawater and freshwater is used for the saltwater model [Appelo and Postma, 2005] and the
freshwater model, respectively, while the chemical composition of the water of the Ringkgbing Fjord was measured. The water density
is calculated. The chemical composition, the area average volumetric soil moisture (0.222), and bulk density of the mineral soil at the
Voulund Farmland is measured.

PTable values.

“Measurements.

4Assumed values.

€Calculated values.

2. Epithermal neutrons: energies higher than 0.5 eV
3. Fast neutrons: energies in the range of 10-1000 eV. Thus, fast neutrons are included in the epithermal
neutron energy range.

3.2, Detectors

The CR1000/B and CR2000/B systems of Hydroinnova LLC, Albuquerque, New Mexico, are used for the meas-
urements of cosmic ray neutron intensities. The systems hold a data logger, sensors measuring barometric
pressure, relative humidity, and temperature, and two neutron intensity detectors. The first detector is the bare
detector (Figure 2a). It consists of a tube filled with boron-10 trifluoride (°BF5) proportional gas at a pressure of
0.6 atm. The '°B(n,)’Li reaction is very effective in converting thermal neutrons into detectable electrons as
the cross section of '°B is high at thermal energies (3840 barns). The cross section decreases rapidly with
increasing neutron energy following 1/E%> (where E, is neutron energy) [Knoll, 2010]. Thus, the probability of
interaction decreases with increasing neutron energy and the measured neutrons are therefore of thermal
energies. However, since there is no abrupt cutoff, a small proportion of epithermal neutrons is also detected.

The second detector (referred to as the moderated detector) consists of a '°BF; proportional tube (similar
to the bare detector) embedded within a 25 mm thick moderator (made from high-density polyethylene,
common plastic) (Figure 2c). Neutrons traveling though the moderator will interact with hydrogen atoms
of the moderator material and be slowed down by elastic collisions. Neutrons of E, > 0.5 eV are mostly
scattered, while the probability of absorption is large for neutrons of E,, < 0.5 eV. Regardless of the pres-
ence of a moderator, the energy range of the neutrons measured by the proportional tube is always the
same. The difference lies in the fact that the neutrons measured by the moderated detector originate from
a higher energy range. The neutrons detected by the moderated detector in the CR1000/B and CR2000/B
systems are primarily of energies >1 eV, although thermal neutrons may also find their way through the
plastic.

As a result of the different properties of thermal and epithermal neutrons (e.g., the mean free path), the
footprint of the bare and moderated detector is expected to be different. Previous studies have reported
different values of the footprint diameter of the moderated detector based on neutron transport modeling.
Desilets and Zreda [2013] found a value of 600 m, while Kohli et al. [2015] suggested it to be 260-480 m. The
footprint of the bare detector has not yet been examined. However, the decrease in thermal neutron inten-
sity to around 100-200 m height is an effect of the air-surface boundary [Desilets et al., 2009, Figure 2] and
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A. B. C. D.
. . Bare Bare detector, Moderated Moderated detector,
Designation . . : :
detector cadmium shielded detector cadmium shielded
Abbreviations B Bcad M Mcad
Detector configuration
I 7\ 7 7P\
. . tube 0.5 tube 25 tube 0.5 25 tube
Dimensions
mm mm mm mm

Figure 2. Configuration and dimensions of the neutron detectors: (a) bare detector, (b) cadmium-shielded bare detector, (c) moderated
detector (plastic embedded bare detector), and (d) cadmium-shielded moderated detector. The diameter of the '°BF; proportional tube is
50.8 and 76.2 mm for the CR1000/B and CR2000/B detectors, respectively.

may be regarded as an indicator for the footprint of the thermal neutrons. Thus, we expect the footprint of
the bare detector to be at a scale of hectometers. Future work should further analyze the footprint of the
bare and the moderated detector, both from modeling and field experiments.

Neutron intensities follow a Poisson distribution and therefore Poissonian statistics is the appropriate basis for
the computation of uncertainty. The uncertainty of neutron intensity, N, decreases with increasing neutron
intensity and the standard deviation equals N° [Knoll, 2010]. The neutron count rate of detectors like the
CR1000/B and CR2000/B systems depends on the pressure and type of gas within the tube (*He or BFs), the
tube size, and the thickness and material of the moderator. As the CR2000/B detector and embedded tube is
larger, it has higher count rates and the relative uncertainty of the measurements is smaller. Since slight varia-
tions in the pressure of the BF3-gas may exist between similar detectors, cross referencing and determination
of normalization factors are advisable prior to experiments using multiple detectors [Baatz et al., 2015].

3.3. Cadmium Difference Method

The contribution of thermal and epithermal neutrons measured by the bare and moderated detectors can be
determined by applying the cadmium difference method [Knoll, 2010]. The thermal absorption cross section of
cadmium is very large (around 3500 barns) for neutron energies below 0.5 eV. The cross section drops sharply
with increasing neutron energy and remains low at energies higher than 0.5 eV (around 6.5 barns) [Knoll, 2010;
Glasstone and Edlund, 1952]. The neutron energy 0.5 eV is referred to as the cadmium cutoff. Simultaneous neu-
tron intensity detection using noncadmium-shielded and cadmium-shielded neutron detectors reveal the frac-
tion of thermal and epithermal neutrons measured. Here a 0.5 mm thick cadmium foil (purity of 99.85%) was
used to filter epithermal neutrons. To verify the effectiveness of this filter, the manufacturer performed a labora-
tory experiment with a moderated CRS1000-type sensor using a single layer of this foil followed by a double lay-
er, and using a reference detector (without cadmium) to correct for temporal changes in intensity. They
reported that the first layer of foil reduced the counting rate by 30%, whereas the second layer reduced the
counting rate by only a further 3%. According to the manufacturer, this small additional reduction is likely due
to the filtering of neutrons with energies near or just above the effective cadmium cutoff energy.

A schematic of the effect on the measured neutron energy range, when using the cadmium difference
method, is presented in Figure 3. The cadmium difference method using both the bare and the moderated
detector is described below.

When a bare detector is shielded with cadmium foil (Bc,q) (Figure 2b), the thermal neutrons are removed
from the measured signal and neutron intensities of epithermal energies are measured (see Figure 3c).
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From here on we refer to these detected neutrons as the “epithermal contribution” to the bare detector sig-
nal. The thermal neutron intensity (T) (Figure 3e) is calculated by subtracting this epithermal contribution
Bcag from the neutron intensity measured by the bare detector (B) (Figure 3a), see equation (1).

T=B—Bcad (M

Likewise, a cadmium-shielded moderated detector (Mc,q) (see Figure 2d) measures neutrons of epithermal
energies (E) (Figure 3d). The difference between the neutron intensity measured by moderated detector (M)

A A. Bare detector (B) A B- Moderated detector (M)
> ] 1
§ | 1
7] I |
S l l
c | |
o | 1
5
(]
=z

>

A C. Epithermal contribution (B,g) A D Epithermal (E=M__ )
> 1 ]
‘2 I |
] 1 |
S ! l
c I |
° I 1
3
= [\

AE Thermal (T=B-B_ ) Al Thermal contribution (TM=M-M__ )
> 1 1
Z I I
S I 1
< ' l
c 1 1
o I !
5
(]
4

A G- Modeled thermal A H- Modeled fast
> 1 Y 1 Y
G 1 © 15
] 15 15
k= 1 © 1 ©
c 1S 1S
o [ 1
5
(]
4

> >

> log10(eV)

Thermal Epithermal log10(eV)

Fast

Figure 3. A sketch illustrating the neutron energy spectra (grey) (modified from Kohli et al. [2015]) and the energy range of (a—f) measured
and (g and h) modeled neutron intensities. (a) Bare neutron intensity detector. (b) Moderated neutron intensity detector. (c) The epither-
mal contribution measured by the cadmium-shielded bare detector. (d) The moderated epithermal neutron intensity measured by the
cadmium-shielded moderated detector. (e) The thermal neutron intensity computed by subtracting the epithermal contribution (Figure
3¢) from measurements with the bare detector (Figure 3a). (f) The thermal contribution computed by subtracting the moderated epither-
mal neutron intensity (Figure 3d) from moderated measurements (Figure 3b). (g) The energy range of the modeled thermal neutron inten-
sity (set to 0-0.5 eV). (h) The energy range of the modeled fast neutron intensity (set to 10-1000 eV). The cadmium (Cd) cutoff is shown by
the vertical dashed line at 0.5 eV.
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(Figure 3b) and the cadmium-shielded moderated detector Mc,q is from here on referred to as the “thermal
contribution” (TM) to the moderated detector (Figure 3f), see equation (2).

TM=M—Mcaq (2)

As a result of applying the cadmium difference method, a well-defined energy range is produced, which
facilitates comparison with neutron transport simulations.

3.4. Measurements

In accordance to the standard procedure detailed in Zreda et al. [2012], outliers were removed from the
neutron intensity data set and measurements by moderated detectors were corrected for the temporal
changes in barometric pressure, atmospheric water vapor, and incoming cosmic ray intensity. Despite the
closer proximity of the Kiel neutron monitor (Northern Germany) to the field sites, data from the Jungfrau-
joch neutron monitor (Switzerland) were used for the correction of temporal changes in the incoming neu-
tron intensity. The two data sets have similar patterns and dynamics, and we find the Jungfraujoch neutron
monitor more appropriate as the data set is characterized by fewer and shorter data gaps in the time period
2013-2015. Neutron intensities measured by bare detectors were corrected following the same correction
scheme, except we chose not to correct for changes in the atmospheric water vapor using the correction
for moderated neutrons developed by Rosolem et al. [2013]. Preliminary modeling results by the authors
and R. Rosolem (personal communication, 2015) suggest that water vapor only has a minor effect on the
thermal neutron intensity measured near the land surface. This is in agreement with earlier studies of Bethe
et al. [1940] and Lockwood and Yingst [1956]. However, water vapor corrections might be required for ther-
mal neutron intensities collected high above the ground surface, and future work should address this issue.

Continuous time series measurements and profile measurements were conducted in this study using both
bare and moderated detectors. Furthermore, in order to quantify the thermal neutron contribution and the
epithermal neutron contribution the cadmium difference method was applied for both types of measure-
ments. The details of the various measurements are presented below.

3.4.1. Continuous Time Series Measurements

Continuous time series measurements were conducted at three sites: the Gludsted Plantation, the
Wistebach Test Site, and the Ringkgbing Fjord.

Since spring of 2013, two CR1000/B systems have been in operation at the Gludsted Plantation. The systems
are installed near the ground surface (1.5 m height) and at the canopy surface (27.6 m height), respectively,
and data are integrated on a per hour basis. The data logger is installed inside a heated control house with
electrical supply placed a few meters from the mast. The measurements of barometric pressure, relative
humidity and temperature collected by the CR1000/B system are not used here as the sensors are situated
within the data logger. Instead measurements from sensors installed on the mast were used. The cadmium
difference method was performed at both heights on 14-25 March 2014, 26-30 June 2014, and 3-8 July
2014. During the first survey, only the moderated detector was covered by the cadmium shield, while both
types of detectors were shielded with cadmium during the last two surveys.

At the Wustebach Test Site, cosmic ray neutron intensity was continuously measured using two
CR2000/B systems, each with a bare and a moderated detector. During the periods 28-31 May 2014
and 2-5 June 2014, measurements were collected at the ground surface (1.5 m height) and at the
canopy surface (30 m height), respectively. The data loggers were installed next to the detectors and
the systems were charged from batteries placed in the container for the data logger. The cadmium
difference method was performed at both height levels using both types of detectors. Data were
logged every 15 min.

Cosmic ray neutron intensities were measured from a rubber boat anchored in Ringkebing Fjord during two
field campaigns (25-26 March 2014 and 30 June 2014 to 3 July 2014) for a total of 4 days. All four detectors
from Gludsted Plantation were used. The detectors were aligned side by side and fixed on the top of the rubber
boat approximately 0.5 m above sea level. To protect the electronics from splashes of water, the data loggers
were placed in containers at the bottom of the boat along with the batteries. The batteries and the detectors
were furthermore placed in each end of the rubber boat were separated by around 1 m to avoid the heavy met-
als of the batteries to affect the neutron detection. The detectors were separated by approximately 30 cm to
prevent interference of the tubes, as moderation of neutrons from one detector can affect the nearby detector.
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The cadmium difference method was performed for the moderated detector during the first survey and for
both the bare and moderated detector during the second survey. Finally, cross referencing of the four detectors
was performed by simultaneously measuring with the detectors without the cadmium shield for a period of
time. Normalization factors were thereby obtained for all detectors.

3.4.2. Profile Measurements

At the Gludsted Plantation, profiles were measured at approximately 5 m increments from the ground sur-
face to 35 m height above the ground on 25-26 November 2013 and 12-14 March 2014 using the CR1000/
B systems used for the continuous measurements. The measurements were collected with a 10 min time
resolution. Due to the considerable drop in thermal neutron intensity with height above the ground surface,
the measurement time was increased at each height to keep the measurement uncertainty at a consistent
and low level. Close to sea level (approximately 50 m elevation), neutron intensities are generally low and
collecting a profile took 2-3 days. The two profiles were therefore measured during stable weather condi-
tions to minimize any effects of changing weather on neutron intensities. An epithermal neutron intensity
profile was collected in March 2014 using a cadmium-shielded moderated detector.

Neutron intensity profiles were collected at the Voulund Farmland using one of the CR1000/B systems normally
installed at the Gludsted Plantation. The data logger of the system was placed inside a heated control house
with electrical supply placed a few meters from the mast. Measurements of barometric pressure, relative humid-
ity, and temperature for correction of the neutron intensity were obtained from sensors installed on the mast.
Neutron intensities profiles were detected on 22 September 2015 and again on 23 September 2015 at two and
three height levels, respectively. On 22 September, neutron intensity was measured at 1.5 and 10.75 m height
above the ground surface. An extra measurement point at 6 m above the ground surface was added to the neu-
tron profile recorded on 23 September. The weather was stable with no precipitation during the 2 days of pro-
file measurements and the soil moisture is assumed to be similar. Data were logged every 10 min.

3.5. Cosmic Ray Neutron Modeling

The Monte Carlo N-Particle Extended (MCNPX) radiation transport code [Pelowitz, 2011] is the most com-
monly used neutron transport model within the field of hydrology [Desilets et al., 2010; Desilets and Zreda,
2013; Franz et al., 2013b; Rosolem et al., 2013; Zweck et al., 2013]. Here both the MCNPX model code and the
Monte Carlo N-Particle transport code version 6 (MCNP6) were used. The MCNP6 model code is a merger of
the MCNPX model code and the Monte Carlo N-Particle Transport code version 5 (MCNP5), and all new
advances and code capabilities are developed and released in this new code version [Goorley et al., 2013].
The concept and structure are the same for the two model code versions.

Within a three-dimensional model domain, a geometric structure of cells is defined. Each cell is labeled with
a material of a certain chemical composition (given in atomic or weight fractions) and density. The horizon-
tal domain is set to 400 m times 400 m. We also tested a model domain of 2000 m times 2000 m but
obtained similar simulation results. In order to save computer time, the complete atmosphere is not mod-
eled. Instead, the vertical extent of the model was set to around 2 km and a modeled energy spectrum of
incoming cosmic ray neutrons at 2 km is used [Hughes and Marsden, 1966]. The particle source is located at
the center of the upper boundary and the released particles are a distribution of high-energy particles rep-
resentative of the spectrum of incoming cosmic rays traveling through the atmosphere. A dry air by volume
composed of 79% nitrogen and 21% oxygen is modeled. In order to model neutron intensities at the mea-
sured heights, a vertical discretization of 1 m is used between 0 and 28 m elevation. For higher elevations, a
coarser vertical discretization is used. The neutron intensity detectors specified in the model are 1 m high
layers extending the full horizontal model domain. The modeled cosmic ray neutron intensities are relative
and are expressed as neutron fluence, i.e., the number of neutrons crossing a unit area (neutrons/cm?). The
neutron fluences are normalized per unit source particle by the model [Zweck et al., 2013]. The number of
particles released at the top of the atmosphere is balanced to obtain acceptable levels of uncertainty and
manageable computational running times. For each run, we simulate at least 3 million particle histories. The
model domain is constrained by reflecting surfaces, i.e., particles hitting the model boundaries will be
reflected specularly back into the model domain.

Two model conceptualizations are used. First, reference models with 4 m of water of varying chemical com-
position are considered corresponding to brackish water, freshwater, and saltwater. For the former, the
measured chemical composition at Ringkgbing Fjord is used while standard values are used for the two
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latter water types (see Table 1). Second, the terrestrial environment at the Voulund Farmland on 23 Septem-
ber 2015 is modeled. Both a simple and a more complex model setup are applied. The prior is modeled
using the MCNPX model code, while the latter is modeled with both code versions. The soil of the simple
model consists of pure SiO,. The more complex model incorporates the measured chemical composition,
the organic carbon content of the soil, and the assumed Gd concentration (see Table 1). Since the fields
were harvested in August 2015, bare ground conditions are used in the modeling.

The energy response of the neutron detectors may also be modeled by including the detector geometry
and materials (chemical composition and density) as part of the model [e.g., Clem and Dorman, 2000]. In
this case, the modeled and measured responses are directly comparable. Modeling the detector would
nonetheless result in a substantial increase in the computational demand as the uncertainty of the modeled
results is related to the size of the detector. This study is considered to be a first step toward increasing the
understanding of the detector response and enable modeling of measured neutron intensities; yet future
studies should naturally consider applying the modeling approach as well.

3.6. Measured and Modeled Neutron Energies

The modeled thermal and fast neutron intensity energy ranges are schematically depicted in Figures 3g and 3h,
respectively. The measured and modeled neutron intensities are not identical even when the cadmium differ-
ence method is used. The energy ranges of the measured and modeled thermal intensities are in principle the
same. However, the exact sensitivity of the bare detector to neutrons of varying thermal energies is not fully
understood. This is illustrated by the smaller red area in Figure 3e compared to the red area in Figure 3g. The
energy range of the moderated detector covers the entire epithermal energy range (>0.5 eV) and not only the
fast neutron range (10-1000 eV). Furthermore, the exact sensitivity of the detector to the varying energy ranges
is again unknown, but is expected to decrease away from fast neutron energy range. This mismatch is illustrated
by the different ranges and vertical extent of the blue area in Figures 3d and 3h. The intravariability of the
behavior and transport of neutrons is low within the final energy ranges (<0.5 eV for thermal and >0.5 eV for
epithermal neutrons), while the intervariability between the thermal and epithermal energy ranges are signifi-
cantly different [Desilets et al.,, 2009]. For that reason, although the energy ranges and sensitivities of measured
and modeled thermal and epithermal neutron intensities are not completely identical, they are still comparable.

4, Results

4.1. Cadmium Difference Method

The results of the cadmium difference method for Gludsted Plantation and Ringkgbing Fjord are presented
in Figures 4 and 5. The results of the Wistebach Test Site are similar to the Gludsted Plantation, and are not
presented.

The same trends are observed for the different sites (Figures 4 and 5). First and most apparent is the high
thermal contribution to the moderated detector, especially at the ground surface. It amounts to approxi-
mately 45% of the thermal neutron intensity measured by the bare detector. The high density of elements
in the ground compared to the air results in a proportional larger production of thermal neutrons in the
soil. Thermal neutrons travel a relative short distance before being absorbed. For that reason, a distinctly
higher concentration of thermal neutrons, and therefore also thermal contribution to the moderated detec-
tor, is recorded at the ground surface in relation to the canopy surface. Second, the epithermal contribution
of the bare detector is less pronounced (between 4 and 5%) and only appears to vary slightly with height.

4.2. Neutron Energy Correction Factors

The thermal contribution to the moderated detector as a function of the thermal neutron intensities mea-
sured by the bare detector for the Gludsted Plantation and the Wustebach Test Site are shown in Figures 6a
and 6b, respectively. In Figures 7a and 7b, we similarly present the epithermal contribution of the bare
detector as a function of the epithermal neutron intensities measured by the moderated detector for the
Gludsted Plantation and the Wiistebach Test Site, respectively.

Linear regression models are found to adequately describe the relationships of the Gludsted Plantation pre-
sented in Figures 6 and 7 (see Table 2 for obtained model parameters). At the Wiistebach Test Site, we only
have measurements at the ground and the canopy surface thus leading to a plot of only two clusters. We
recognize that a linear model fit to a two-clustered data set is inappropriate. However, based on the fact
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Figure 4. Neutron intensities (hourly data) obtained from field campaigns conducted at the Gludsted Plantation. (a) Neutron intensity
measured by the bare detector (Figure 3a) and the computed thermal neutron intensity (Figure 3e) using the cadmium difference method
at the canopy surface on 3-8 July 2014. (b) Neutron intensity measured by the moderated detector (Figure 3b) and the cadmium-shielded
moderated detector (Figure 3d) at the canopy surface on 3-8 July 2014. (c) The neutron intensity measured by the bare detector (Figure
3a) and the computed thermal neutron intensity (configuration as in Figure 3e) at the ground surface on 26-30 June 2014. (d) Neutron
intensity measured by the moderated detector (Figure 3b) and the cadmium-shielded moderated detector (Figure 3d) at the ground sur-
face on 26-30 June 2014.

that linear relationships can be obtained for the Gludsted Plantation, we assume this also to be valid for the
Wiustebach Test Site. The relationship describing the measurements at the Wustebach Test Site is only used
to accentuate the difference between the two field sites. At the Gludsted Plantation/Ringkebing Fjord, the
data are also clustered, nonetheless, the measurements of the clusters spread more and represent a consid-
erable range of values, justifying the linear model fit. The coefficient of determination (R? at the Gludsted
Plantation/Ringkebing Fjord and the Wustebach Test Site is 0.964 and 0.984 for the thermal neutron intensi-
ty model (Figure 6), and 0.637 and 0.870 for the epithermal neutron intensity model (Figure 7), respectively.
The variance of the residuals of the thermal and epithermal neutron models are similar. However, the total
variance of the epithermal neutron intensity model is small resulting in lower R? values. Uncertainty on the
measured neutron intensities are indicated using =1 standard deviation for a low and a high neutron inten-
sity measurement point.

Water surface Water surface
700 T T T 1200 T T

— A — Bare detector, B B — Moderated detector, M
é 600 [ -~&-Thermal, T=B - Bcad i 1100 & Epithermal, E = Mcad
3 500 . 1 1000
Z
‘5 400 r A A A7 900 r 1
‘E 300 e ':'-.0'”"‘-,».6" - 'm c v 800 L ,
c
2 200 r 1 700 V\/\/\f\/\/\/ /—\/\/\’J\[\/\/\/J
= 100 r ] 600 n.‘._”.“-"-,‘ y : "»‘u??“p_." . i 3%

0 . . . 500 . .

26-Mar 01-Jul 02-Jul 03-Jul 26-Mar 01-Jul 02-Jul

Figure 5. Neutron intensities (hourly data) obtained from field campaigns conducted at the Ringkebing Fjord at 0.5 m height above the
water surface during 25-26 March 2014 and 30 June 2014 to 3 July 2014. The cadmium difference method was performed for the moder-
ated detector during the first campaign and for both the bare and the moderated detector during the second campaign. (a) Neutron
intensity measured by the bare detector (Figure 3a) and computed thermal neutron intensity using the cadmium difference method
(Figure 3e). (b) Neutron intensity measured by the moderated detector (Figure 3b) and the cadmium-shielded moderated detector
(Figure 3d).
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Figure 6. Scatterplot of the thermal neutron intensity measured by the bare detector (as in Figure 3e) and the thermal contribution mea-
sured by the moderated detector (as in Figure 3f) (12 h average). (a) The Gludsted Plantation (CR1000/B system). (b) The Wiistebach Test
Site (CR2000/B system). Measurement error bars corresponding to =1 standard deviation representative for a low and a high value data
point.

The observed relationships are not exactly the same at the Gludsted Plantation/Ringkgbing Fjord and at the
Waistebach Test Site. As the thicknesses of the moderators are the same for the detectors of the CR1000/B sys-
tem and the CR2000/B system one would expect that the same fraction of thermal neutrons is transmitted
through the plastic, resulting in a universal relationship. However, this would require that the thermal/epither-
mal neutron ratio should be identical regardless of the detectors used. This is unlikely due to different gas
types and pressure (detailed above). At this point in time, it is unclear whether local environmental settings
also affect the relationship and we recommend future studies to address this issue. However, it should be
mentioned that the same relationship is obtained from the two field sites of significantly different land cover
settings (the Gludsted Plantation and the Ringkebing Fjord).
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Figure 7. Scatterplot of epithermal neutrons measured by the moderated detector (as in Figure 3d) and the epithermal contribution mea-
sured by the bare detector (as in Figure 3c) (12 h moving average). (a) The Gludsted Plantation (CR1000/B system). (b) The Wiistebach Test
Site (CR2000/B system). Measurement error bars corresponding to *1 standard deviation representative for a low and a high value data
point.
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The potential difference in the footprint of the bare

Table 2. Model Parameters (., oy, 31, and ;) for the Calcula- h .
tion of Thermal and Epithermal Neutron Intensities Using the and the moderated neutron detector is a concern
CR1000/B System at the Gludsted Plantation and the when combining measurements of the two detec-
_I:in?lgjtbinRg Fjorti,' ar}d the CR2000/B System at the Wiistebach tors. Lateral homogeneity in soil, vegetation, and

ES Ite, hespectively . . . .

litter layer prevails at the field sites and comparabil-
Gludsted Plantation Wiistebach o yerp . . P
and Ringkebing Fjord Test Site ity is therefore assumed even if the footprint of the

bare and the moderated detector prove to be

o 0.0290 0.0291

i (cts/h) 122 613 different.

% 0.445 0.3708

B> (cts/h) —153 5862 Assuming that the relationships shown in Figures 6

and 7 are linear and the measurements of the bare
and the moderated detection are comparable,
equations expressing the moderated (M) and the bare (B) neutron intensities as a function of thermal (T)
and epithermal (E) neutron intensities can be developed, see equations (3) and (4).

B=T+uE+p, 3)
M:E+O(2T+ﬁ2 (4)

The epithermal contribution is assumed to be a fraction («1) of the epithermal neutron intensity mea-
sured by the moderated detector and an offset (f5;). Similarly, the thermal contribution is assumed to
be a fraction (o) of the thermal neutron intensity measured by the bare detector and an offset (f5,). The
model parameters o and 5 are determined from results of the cadmium difference method (Figures 6
and 7).

The offsets f5; and f, in equations (3) and (4) are included as they account for the fact that the energy
ranges, are not completely in agreement, as illustrated in Figure 3. The bare detector measures the whole
energy spectrum of 0-0.5 eV (Figure 3e), whereas the energy of the thermal contribution to the moderated
detector is restricted to the higher end of the thermal energy range (Figure 3f) since the neutrons of lower
energies are absorbed by the moderator. Contrary to this, the bare detector measures only the lower end of
the epithermal energy range (Figure 3c), while the whole epithermal energy range is measured by the mod-
erated detector (Figure 3d).

By rearranging equations (3) and (4), we obtain the following functions to compute the thermal and epi-
thermal components from the measurements of the bare and moderated neutron detectors:

7= B=h—uMtaup, (5)
1—061062

_M—p,—0B+mfp;
1—061062

E

4.3. Impact of Neutron Energy Correction Factors

The neutron intensity profiles measured at the Gludsted Plantation using the bare and moderated detectors
in November 2013 and March 2014 are shown in Figures 8a and 8b, respectively. Using equations (5) and (6)
as well as the determined model parameters provided in Table 2, the thermal and epithermal neutron inten-
sity profiles are estimated (Figures 8c and 8d). Due to the minor epithermal contribution, only a small differ-
ence appears when comparing the bare and the thermal neutron intensity profile. Both profiles illustrate the
considerable decreases in thermal neutron intensity with height above the ground surface in line with the
expected from theory. However, the effect of correcting the moderated detector is substantial. Prior to cor-
rection, the profiles exhibit no obvious trend as a function of height. After correction, an increase with height
is observed. This is in agreement with theory [Desilets et al., 2009, Figure 2] and the measured epithermal pro-
file in March 2014 (Figure 8d).

Uncorrected and corrected continuous time series measurements at the Gludsted Plantation (2013-2015)
are shown in Figure 9. Before correction, ground surface neutron intensities measured by the moderated
detector are similar or higher (e.g., year 2013 in Figure 9a) than the neutron intensities measured at canopy
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Figure 8. Neutron profiles from the ground surface to 35 m height at the Gludsted Plantation in November 2013 and March 2014. (a) Neu-
tron profiles measured by the bare detector. (b) Neutron profiles measured by the moderated detector. (c) Thermal neutron intensity pro-
files estimated using the neutron energy correction model. (d) Epithermal neutron intensity profiles measured (March 2014) and
estimated (November 2013 and March 2014) using cadmium-shielded moderated detector and the neutron energy correction model,
respectively.

surface. Higher neutron intensities at ground level would only be present at extreme dry conditions [Desilets
et al., 2009] (unlikely to be found in Denmark). After correction, the epithermal neutron intensities at ground
level are significantly lower than at canopy level for the entire 2 year period (Figure 9b) and is a result of the
much larger thermal neutron contribution to the moderated detector at the ground surface compared to
the canopy surface.

As demonstrated, removing the epithermal and thermal contribution has a significant effect on the
detected profiles. This effect is of great importance when using epithermal neutron intensities from more
than one height or when comparing measured and modeled neutron intensities.

4.4. Model-To-Measurements Conversion Factors

Model-to-measurements conversion factors are estimated in order to be able to compare measured and
modeled neutron intensity values. These are obtained by comparing measurements at reference conditions
(above a large water body) with modeling results for similar conditions. A water body is chosen as reference
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Figure 9. Neutron intensity at the Gludsted Plantation in the period April 2013 to March 2015 (daily moving average). (a) Neutron intensity
measured by the bare and the moderated detector at the ground and canopy surface. (b) Estimated thermal and epithermal neutron
intensity at the ground and canopy surface using the neutron energy correction equations and the neutron intensity measured by the
bare and moderated detector.

as it is much less complex and less heterogeneous than a terrestrial field site and thus can more accurately
be modeled using a simple model setup.

From the reference neutron intensities measured at the Ringkebing Fjord in March and July 2014 (Figure 5),
some noticeable changes are visible. Although fluctuating, no significant change over time appears to exist
in the neutron intensity measured by the moderated detector. Contrary to this, neutron intensities mea-
sured by the bare detector change over time corresponding to an approximately 25% increase in the inten-
sity. The changes in intensities could be related to the temporal variations in salinity at the Ringkebing
Fjord.

Neutron intensity profile results from three setups of varying salinity and water density modeled using the
MCNPX model are presented in Figure 10 (see Table 1 for details of water properties). One of these three
models represents the measured reference condition at the Ringkebing Fjord on 30 June 2014.

The model results confirm the importance of salinity on thermal neutron intensities. The chloride concentra-
tion is the main contributor to the changes in the thermal neutron intensity. Chloride has a high neutron
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Figure 10. Modeled neutron intensity profiles above saltwater, freshwater, and water with the chemical composition measured at the
Ringkebing Fjord 30 June 2014 using the MCNPX model code. (a) Thermal neutron intensity profiles. (b) Fast neutron intensity profiles.

absorption cross section (33.5 barn) [Sears, 1992]. As a result, an inverse relation is found between chloride
and the neutron intensity, similar to hydrogen.

Based on the modeled relative thermal and fast neutron intensities obtained from the MCNPX model code
(shown in Figure 10) and the MCNP6 model code (not presented), as well as measured values of thermal
and epithermal neutron intensities from 30 June 2014 (Figure 5) model-to-measurements conversion fac-
tors are determined. The thermal and epithermal neutron intensity model-to-measurements conversion fac-
tors are 1.705 X 10'? and 7.174 X 10'? for the MCNPX model code, respectively, and 3.739 X 10" and
1.601 X 10" for the MCNP6 model code, respectively. These values are multiplied with the modeled ther-
mal and fast neutron fluences and we emphasize that these conversion factors are detector specific.

4.5. Method Verification

The proposed methodology for comparing modeled and measured neutron intensities is tested for the Vou-
lund Farmland agricultural field site using the available site-specific measurements. In a subsequent contri-
bution, we also test the methodology for the Gludsted Plantation, which is much more complex and
computationally more demanding than the agricultural site.

Using equations (5) and (6) as well as the model parameters provided in Table 2, thermal and epithermal
neutron intensity profiles are estimated at the Voulund Farmland (Figure 11). The modeled thermal and fast
neutron intensities of a simple and a more complex model-setup for the Voulund Farmland are converted
using the model-to-measurements conversion factors obtained for the specific detector system and model
code.

The gradient of the modeled thermal and fast neutron intensity profiles are for both the simple and com-
plex model-setups in very good agreement with the measured profiles. An average difference of 66 and
202 counts/h between measured and modeled thermal and epithermal/fast neutron intensities, respective-
ly, are obtained for the simple model-setup for the Voulund Farmland (pure SiO,). This setup has previously
been used when modeling neutron intensity [Desilets et al., 2010; Franz et al., 2012b]. As anticipated using
site-specific characteristics in the model-setup, lead to a better agreement of measured and modeled neu-
tron intensities. The average differences between measured and modeled thermal and epithermal/fast neu-
tron intensity then using the MCNPX model code are reduced to 15 and 131 counts/h, respectively. The
MCNP6 model code results in a higher average difference in measured and modeled thermal neutron inten-
sities (53 counts/h) relative to the complex model-setup modeled using the MCNPX model code. Despite
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Figure 11. Neutron intensity profiles at the Voulund Farmland on 22 and 23 September 2015. A simple model-setup of pure SiO; soil is
modeled using the MCNPX model code and a more complex model-setup including the measured soil chemical composition and soil
organic carbon is modeled using both the MCNPX and the MCNP6 model code. The measured thermal and epithermal neutron intensity
profiles are obtained using the neutron energy correction models for the neutron intensities measured by the bare and moderating detec-
tors. (a) Measured and modeled thermal neutron intensities. (b) Measured epithermal neutron intensities and modeled fast neutron
intensities.

this, the MCNP6 model code is assessed to perform better overall as the fit of measured and modeled epi-
thermal/fast neutron intensities has improved considerably (with an average difference in measured and
modeled epithermal/fast neutron intensity of 11 counts/h).

We consider these differences to be satisfactory, especially as many factors may contribute to discrepancies
between measurements and modeling.

The measurements are subject to several uncertainties including:

1. The determination of the model-to-measurements conversion factors was based on measurements from
only one field campaign and one height level.

2. The footprint of the bare and the moderated detector are unexplained and ambiguous, respectively. This
is explained in section 3.2.

3. Measured neutron intensities at the Danish field sites were relatively low because they were close to sea
level.

4. The effect of atmospheric water vapor on the thermal neutron intensity at various heights is not well
understood.

5. The correction for variations in incoming cosmic ray intensity is based on observations from Switzerland
at lower latitude and higher altitude.

In addition, several modeling uncertainties are introduced:

1. A general energy spectrum of incoming cosmic ray particles is used and its possible spatial and temporal
variations could be of importance.

2. Homogeneous soil/water and land cover conditions are assumed.

3. The water chemistry used for neutron transport modeling at the Ringkebing Fjord was determined from
only a single water sample collected on the day of neutron detection.

4. An incomplete chemical analysis of the soil.

These issues need to be further analyzed in future studies.

We found thermal and fast neutrons to be sensitive to soil chemistry, and we therefore suggest the effect
of other environment variables and parameters (e.g., vegetation, intercepted precipitation, and rare earth
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element) on thermal and fast neutron intensities to be quantified through a more thorough sensitivity anal-
ysis. Such an analysis would improve the basis for modeling and may result in better agreement between
measured and modeled neutron intensity profiles.

We recommend the proposed methodology to be applied for studies combining neutron detection and
modeling to ensure comparability. This is especially true then multiple height levels are considered as the
magnitude of the epithermal and thermal neutron contribution to the bare and the moderated detector,
respectively, changes with height. The measured neutron intensity is reduced using cadmium-shielded neu-
tron detectors and therefore results in increased uncertainties (following the Poissonian statistics). However,
removal of the epithermal and thermal neutron contribution to the bare and moderated detector, respec-
tively, provide neutron signals of well-defined neutron energy ranges. Thus, the uncertainty related to lump-
ing neutrons of different physical behaviors is reduced.

5. Conclusion

In this study, a methodology was developed to improve the comparison between measured and modeled
thermal and epithermal neutron intensities above the land surface.

First, neutron energy correction models used to estimate thermal and epithermal intensities were developed.
The models were found to adequately describe the relationships at Gludsted Plantation/Ringkgbing Fjord, while
the data set at Wiistebach Test Site was found to be insufficient. Nonetheless, based on the findings at the Dan-
ish field sites, linear relationships were also assumed at Wiistebach Test Site. However, the use of another cos-
mic ray neutron system and the different environmental settings may significantly change the relationship. In
order to validate the assumed linear relationships of the bare and the moderated detectors at Wistebach Test
Site, a more extensive data set is therefore required. Contrary to modeled neutron intensities of energies 0-0.5
eV (thermal neutrons) and 10-1000 eV (fast neutrons), measured energy ranges are less well defined. The ener-
gy range, distribution, and the sensitivity to the distribution of neutrons of different energies within the range
are not well understood. The cadmium difference method was used to distinguish the contribution of epither-
mal and thermal neutrons to the intensity measured by the bare and moderated detectors at three different
field sites, respectively. The fraction of epithermal neutrons contributing to the neutron intensity measured by
the bare detector was found to be relatively small, but the moderated detector was subject to a larger fraction
of thermal neutrons. The contribution of epithermal and thermal neutrons to the intensities measured by the
bare and moderated detectors, respectively, were found to be independent of the measurement height.

Based on the results of the cadmium difference method, neutron energy correction models were derived
enabling thermal neutron intensities to be determined by the bare detector, and epithermal neutron inten-
sities to be determined by the moderated detector. The models were found to be nonuniversal and must
be developed for the specific detector systems in use. Thus, two different neutron energy correction models
were derived in this study; one for the detector system of the Gludsted Plantation and the Ringkgbing Fjord,
and another for the detector system of the Wustebach Test Site. The difference of the two neutron energy
correction models is caused by different thermal-to-epithermal neutron ratios, however, there may also be
a component of unknown magnitude related to environmental settings.

Second, model-to-measurements conversion factors were computed to enhance the comparability between
measured and modeled neutron intensity. They were determined by relating the modeled neutron intensity
to the measured neutron intensity above a water body. The factors were computed for a water body as the
settings here are less complex and simpler to model as compared to a terrestrial field site. For thermal and
epithermal/fast neutron intensities at the Gludsted Plantation and the Ringkebing Fjord, the model-to-
measurements conversion factors were determined to be 1.705 X 10'? and 7.174 X 10'? for the MCNPX
model code and 3.739 X 10" and 1.601 X 10'* for the MCNP6 model code, respectively.

Third, we verified our methodology using data from the Voulund Farmland agricultural field site. Two
model setups were tested using the MCNPX model code: a simple and commonly used model assuming
soil material composed of pure SiO, and a more complex model based on site-specific data including
soil chemistry and soil organic carbon. The latter model provided neutron intensities which were in
acceptable agreement with measurements, yet differences between measured epithermal neutrons and
modeled fast neutrons were still significant. The results of the more complex model-setup, using the
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newer and more advanced MCNP6 model code version, slightly underestimated thermal neutrons, while
satisfactory agreement of measured epithermal and modeled fast neutron intensity profiles were
obtained. The remaining discrepancy is due to a number of uncertainty factors related to both measure-
ment and modeling techniques. Nevertheless, application of the method is recommended for studies
combining neutron detection and modeling, especially then multiple height levels are considered.
Neutron transport modeling of both thermal and epithermal neutrons is a valuable tool examining the
prospects of further development of the soil moisture estimation method and the potential of additional
applications. For site-specific modeling, it is important to include an adequate description of the soil
matrix including soil chemistry, soil moisture and bulk density. We anticipate that the proposed method-
ology offers promising perspectives in the use of the cosmic ray neutron technique, e.g., developing
methods to separate the signals of the different pools of hydrogen and thus is of great relevance for
hydrological purposes.
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