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Key Points: 11 

 CRN soil moisture can be estimated without calibration using oven-dried samples  12 

 The proposed soil moisture conversion functions are dependent on the land cover type 13 

 The land cover type can be determined from the thermal-to-epithermal neutron ratio 14 

Abstract 15 

In order to advance the use of the cosmic-ray neutrons (CRNs) to map soil moisture in heterogeneous 16 

landscapes, we need to develop a methodology that reliably estimates soil moisture without having to collect 17 

100+ soil samples for each point along the survey route. In this study, such an approach is developed using 18 

physically-based modeling with the numerical MCNP neutron transport code. The objective is to determine 19 

site-specific conversion functions to estimate soil moisture from CRNs for the dominant land covers. Here, we 20 

assess this methodology at three field sites with similar mineral soil composition, but different land covers. 21 

First, we ensure that the developed models capture the most important differences in neutron transport 22 

behavior across sites. For this, we use measured time-series and height profiles of thermal and epithermal 23 

neutrons. Then, we compare the estimates obtained from the site-specific conversion functions with the 24 

standard N0-calibration function. Finally, we compare the CRN soil moisture estimates with independent soil 25 

moisture estimates. Overall, the site-specific models are in agreement with the observed trends in neutron 26 

intensities. The site-specific soil moisture is similar to the N0-estimated soil moisture, which results in 27 

comparable statistical measures. We show that various land covers have a significant impact on the amount 28 

and soil moisture sensitivity of epithermal neutrons, while the thermal neutrons are affected to a less degree. 29 

Thereby, thermal-to-epithermal neutron ratios can be used to identify the land cover type, and thereby the 30 

appropriate conversion function for soil moisture estimation for each point along the survey route. 31 
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1. Introduction 32 

Soil moisture controls the exchange of energy and water at the ground-atmosphere interface. In particular, soil 33 

moisture influences the partitioning of solar energy into sensible and latent heat, and the separation of 34 

precipitation into runoff and infiltration. Therefore, robust observations of soil moisture are essential to study 35 

central hydrological processes like evapotranspiration and groundwater recharge. 36 

High precision hectometer-scale soil moisture time series can be obtained using the cosmic-ray neutron (CRN) 37 

method based on the inverse relationship of background cosmic radiation (low energy neutrons) and hydrogen 38 

content (Andreasen et al., 2017a). The well-tested and robust N0-calibration function is most often used for this 39 

conversion (Desilets et al., 2010). Only one unknown parameter needs to be determined, i.e. N0, and the 40 

function combines information on geographic location, land cover type, soil chemistry, and sensor 41 

configuration. The N0-parameter is estimated using 100+ soil samples collected within the CRN footprint at 42 

both dry and wet soil conditions (Franz et al., 2012). This procedure is most often possible for stationary soil 43 

moisture estimation. However, collecting proper samples in organic rich soils (e.g. litter), soils with many roots 44 

or rocks, and in clayey soils (especially at dry conditions) is difficult and sometimes impossible. Acquiring soil 45 

samples to estimate the N0 parameter where both dry and wet soil conditions are represented is not always 46 

possible, especially if dry/wet conditions only occur rarely and at unpredictable times. Furthermore, the 47 

procedure of collecting 100+ soil samples often becomes cumbersome when mapping larger areas using the 48 

CRN rover.  49 

CRN roving for soil moisture mapping has been demonstrated for regions of different land cover and soil 50 

characteristics, such as desert, grassland, and irrigated agricultural fields (Desilets et al., 2010; Chrisman and 51 

Zreda, 2013; Dong et al., 2014; Franz et al., 2015). Semi-empirical methods have been developed to account for 52 

effect of lattice water, soil organic matter and vegetation on neutron intensity. For example, Hawdon et al. 53 

(2014), Baatz et al. (2015) and Jacobi et al. (2018) presented extended versions of the standard N0-calibration 54 

function to account for the moderation of CRNs by vegetation. Alternatively, Franz et al. (2013) developed the 55 

semi-theoretical universal calibration function where ancillary data on surface pressure, air temperature, 56 

relative humidity, soil bulk density, total biomass, lattice water and soil organic carbon is used to estimate CRN 57 

soil moisture (McJannet et al., 2014). Some of these data are not always readily available at the desired 58 

hectometer scale of observation. 59 

Here, we present a novel approach to estimate soil moisture from CRN measurements that does not rely on 60 

calibration on oven-dried soil samples. The approach is an alternative to the standard N0-calibration function 61 

for soil moisture estimation. The approach is expected to be relevant for soil moisture mapping using CRN 62 

roving in heterogeneous landscapes where an endless number of soil samples would be required to obtain 63 

reliable estimates using the standard N0-calibration function. The methodology solely relies on numerical and 64 

physically-based neutron transport modeling of specific site conditions. We have previously documented the 65 

ability to model atmospheric profiles of thermal and epithermal neutron intensity at two sites representing two 66 

different land covers (Andreasen et al., 2016; 2017b). The models are based on information on the land cover 67 

(e.g. amount and height of the biomass and chemical composition of the vegetation) and the soil (e.g. soil 68 

layers, chemical composition, bulk density), and are most importantly not calibrated using soil sample 69 
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estimated soil moisture. In this study, the suite of models is extended to include the third most dominant land 70 

cover type in the area, heathland. First, the models are assessed by comparing measured and modeled neutron 71 

height intensities. By using two differently configured detectors, one without and one with moderator, a more 72 

exhaustive assessment of the models is obtained as thermal and epithermal neutrons have markedly different 73 

behavior and thereby information content. Secondly, models at dry and wet soil conditions are used to 74 

examine and quantify the sensitivity of thermal and epithermal neutron intensity profiles to soil moisture at 75 

each of the three field sites. Finally, ground level thermal and epithermal neutron intensities are modeled for 76 

different volumetric soil moisture values. These simulations are used to determine site-specific soil moisture 77 

conversion functions. To benchmark the approach, the soil moisture estimated using the site-specific 78 

conversion functions are compared to soil moisture estimated using the standard N0-calibration functions. 79 

Furthermore, both CRN soil moisture datasets are compared to soil moisture measurements acquired from the 80 

soil sampling campaigns used to determine the N0-parameters, and to soil moisture estimated by point-scale 81 

sensor networks setup within the CRN footprints and time-domain reflectometry (TDR) spatial measurement 82 

campaigns.    83 

2. Field sites  84 

Three field sites within the Danish hydrological observatory (HOBE) (Jensen and Refsgaard, 2018) are used for 85 

this study. The HOBE sites are situated on a glacial outwash plain within the Skjern River catchment in Jutland, 86 

western Denmark (see Figure 1). The soils are sandy, stratified, acidic, and poor in nutrients. Podzolation has 87 

formed a hardpan layer at 30 - 100 cm depth for large parts of the catchment. The sites are located within 10 88 

km of each other at elevations of around 50 - 60 m above sea level and they are subject to similar climatic 89 

conditions. Also they have similar soil chemical composition but represent three contrasting land covers: 90 

farmland, heathland and forest, which typify the catchment.  91 
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not been burned since years before the field site was established. The wet above-ground biomass is assumed 113 

to be 9 t/ha (Härdtle et al., 2006) with 55% cellulose and 45% water.    114 

2.3. Gludsted Plantation 115 

The Gludsted Plantation ( E) is a densely planted coniferous forest. The trees consist of 116 

rows of Norway spruce with small patches of Sitka spruce, Larch and Douglas fir. The plantation was 117 

established just before year 1900 and was deep-ploughed prior to forestation. The trees in the area of the field 118 

site are planted in the years 1962-1987 and has a maximum height of around 25 m. The dry above-ground 119 

biomass in the 38 ha vicinity of the CRN site was estimated to be 100 +/- 46 t/ha (one standard deviation) using 120 

LiDAR images from 2006 and 2007 (Nord-Larsen and Schumacher, 2012). In Scandinavian countries, Norway 121 

spruce typically has a stem-wood density of 0.83 g/cm3 and generally 79% of the above-ground biomass is 122 

stored within the stem and 21% in the foliage. The root-to-shoot ratio for Norway spruce is 0.25 (Levy et al., 123 

2004) providing an estimated dry below-ground biomass of 25 t/ha at the site. The dry matter of the tree form 124 

around 55% of the total weight and is primarily composed of cellulose, while the remaining 45% is water (Serup 125 

et al., 2002). The wet above-ground and below-ground biomass of the site area are estimated to be 182 t/ha 126 

and 45 t/ha, respectively. The root zone is assumed to reach down to 0.8 m (Refsgaard et al., 2011). The forest 127 

floor is characterized by a ~10 cm thick organic rich litter layer of needles, moss and other organic material.  128 

3. Methods 129 

3.1. Local soil characteristic 130 

Soil sampling campaigns were conducted at the three field sites to obtain the necessary soil moisture data for 131 

N0-estimation as well as chemical data for site-specific neutron transport modeling. Following the procedure 132 

proposed by Franz et al. (2013) soil samples were collected in 5 cm increments down to 30 cm at 18 locations 133 

surrounding the CRN detector. In total, 108 volumetric soil samples were obtained within an area of 134 

approximately 400 m by 400 m for each campaign. Soil moisture and dry bulk density for mineral soil samples 135 

were determined by oven-drying at 105 C for 24 hours. Organic rich soils were dried at 85 C for 48 hours to 136 

reduce charring of the organic material (O'Kelly, 2004). Based on the principles of the loss-on-ignition method 137 

(Ball, 1964), mineral soil samples were subsequently dried at 650 C and 900 C for the determination of the soil 138 

organic carbon content (SOC) and lattice water in the mineral grains and bound water, respectively. The 139 

concentration of major elements was measured with x-ray fluorescence spectrometry (XRF) (Weindorf et al., 140 

2014). 141 

Sampling campaigns were conducted at the three sites from May 2013 to October 2015. At Voulund Farmland, 142 

five campaigns were conducted; two during a fully grown spring barley crop, two after harvest (with stover) 143 

and one after ploughing (bare condition). At both Harrild Heathland and Gludsted Plantation, three campaigns 144 

were conducted. Area average water content and dry bulk density were calculated for the organic-rich litter 145 

layer and the mineral soil layers (Table 1). Mineral soil values are averages of 108 soil samples at Voulund 146 

Farmland. At Harrild Heathland and Gludsted Plantation, litter layer and mineral soil values are averages of 36 147 

soil samples (18 locations and two depths) and of 72 soil samples (18 locations and four depths), respectively. 148 
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We have chosen to use the weighting scheme presented in Franz et al. (2013). It should therefore be noted 149 

that we do not necessarily account for nearby and shallow hydrogen sources, which could bias the result. 150 

However, the focus of this work is to compare different conversion functions. Applying a more advanced 151 

weighting scheme would affect both conversion functions similarly.      152 

Table 1 is inserted here 153 

The SOC content was measured at the three field sites (Table 1). At Voulund Farmland area average SOC was 154 

measured for the 0-30 cm depth interval using a composite sample of 108 soil samples. At Gludsted Plantation, 155 

SOC was measured on six randomly selected samples from two depth levels (10-15 cm and 25-30 cm). At 156 

Harrild Heathland, the area average SOC content was measured from a mixed sample of 72 soil samples in the 157 

top 20 cm mineral soil layer. The SOC content of the litter layer is assumed to be 100%. Small amounts of 158 

lattice water were measured (0.0009-0.0044 gram of water per gram of dry mineral soil) from the 159 

composite/mixed mineral soil samples also used for the determination of SOC at the three field sites. The XRF 160 

analysis for all three field sites were performed on two random soil samples collected at 20-25 cm depth. 161 

Details on the soil chemistry are provided in Table 2 and are included to highlight the similarity of the sites. The 162 

elemental composition of the soil is specified based on XRF analysis results, measured SOC content, estimated 163 

wet below-ground biomass and an assumed gadolinium concentration of 0.5 ppm. The gadolinium 164 

concentration is included because of its tendency to absorb thermal neutrons, as indicated by its high thermal 165 

neutron absorption cross-section (49000 barns; 1 barn = 10-24 cm2), which is orders of magnitude higher than 166 

most soil elements. The presence of gadolinium can depress thermal neutron intensity even at low 167 

concentrations. The gadolinium concentration was measured from samples taken at a location of similar soil 168 

conditions close to the three field sites using inductively coupled plasma mass spectrometry (ICP-MC) 169 

(Salminen et al., 2005). 170 

Table 2 is inserted here 171 

3.2. Point-scale soil moisture sensing 172 

Soil moisture time series were estimated using 5TE capacitance sensors (Decagon Devices Inc., 2014). The 5TE 173 

sensor elements are installed horizontally in the ground and measures apparent soil permittivity, temperature 174 

and bulk electrical conductivity simultaneously. The integrated measuring volume for apparent soil permittivity 175 

is approximately 20 cm³ (Sakaki et al., 2008). According to the manufacturer, the 5TE sensor measures 176 

volumetric soil moisture and soil temperature with an accuracy of 0.03 and 1 0C, respectively. Data were logged 177 

every 30-min. Outliers were removed along with measurements conducted at soil temperatures below 1 0C to 178 

avoid measurements affected by frost. Topp´s equation (Topp et al., 1980) was used to estimate soil moisture 179 

from measured apparent soil permittivity in the mineral soil, while a site-specific petrophysical relationship 180 

(partly conducted at Gludsted Plantation and heathland areas nearby Harrild Heathland) was used for 181 

measurements conducted in the organic rich litter layers (Bircher et al., 2016).   182 

In spring 2013 (Voulund Farmland and Gludsted Plantation) and spring 2014 (Harrild Heathland), six point-scale 183 

soil moisture stations were installed at each of the three field sites (Figure 1). At Voulund Farmland, two 5TE 184 

sensors were installed at 2.5 and 22.5 cm depths, respectively. Twice a year the stations were removed and 185 
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reinstalled to accommodate agricultural activities (harvest, ploughing and sowing) resulting in data-gaps and 186 

slightly changing conditions as the soil is prepared and the location of the station is changed slightly. For both 187 

Harrild Heathland and Gludsted Plantation, one 5TE sensor at each station was installed in the organic rich 188 

litter layer, whereas the other sensors were installed in the mineral soil at depths of 2.5 cm (one sensor) and 189 

22.5 cm (two sensors).  190 

In addition, a handheld TDR (Fieldscout TDR 300 Soil Moisture Meter, Spectrum Technologies, Inc.) was used to 191 

map soil moisture in the area of the CRN detectors. The TDR determines the dielectric constant used for soil 192 

moisture estimation based on the travel time of the electromagnetic pulses traveling along the TDR probes 193 

inserted in the soil. The measurements were made over the top 20 cm of the soil profile and each map consists 194 

of 121-163 measurement points collected within an area of 7-20 ha. According to the manufacturer, the 195 

expected accuracy of the soil moisture measurements is 0.03 m³/m³ at electrical conductivities below 2 mS/cm 196 

(Spectrum Technologies, Inc., 2017). Soil moisture was mapped 6-8 times at the three field sites in the period 197 

March to August 2016.  198 

3.3. Cosmic-ray neutron intensity method 199 

3.3.1. Neutron detectors 200 

CRN intensity was recorded using a CRS1000/B system (Hydroinnova LLC, Albuquerque, NM, USA). The system 201 

consists of a moderated detector, an optional bare detector, and uses  data logger with 202 

diagnostic capabilities for checking system health. Power is fed either from batteries (charged by solar panels) 203 

or directly by a power cable to the data logger. The data logger records barometric pressure, relative humidity 204 

and temperature inside and outside the detector enclosure for diagnostics and neutron intensity correction, 205 

respectively. The detectors have no direct contact with the ground, giving them a long operational life with low 206 

maintenance (Zreda et al., 2008; 2012). The detectors measure CRN primarily in the <106 eV energy range, 207 

where neutrons are strongly influenced by the absorption and elastic scattering properties of soil elements. 208 

The internal detector tubes utilize thermal neutron capture reactions, and hence the bare detector is 209 

preferentially sensitive to thermal neutrons with energies below 0.5 eV. The moderated detector includes a 2.5 210 

cm HDPE moderator, which shifts the effective energy response toward epithermal neutrons with energies 211 

above 0.5 eV. The energy ranges measured by the detectors do not have sharp boundaries. As a consequence, 212 

the bare detector has an epithermal contribution of approximately 5% of the epithermal neutron intensity 213 

measured by the moderated detector, while the moderated detector has a thermal contribution of 214 

approximately 45% of the thermal neutron intensity measured by the bare detector (Andreasen et al., 2016). 215 

Poissonian statistics is the appropriate basis for the computation of the uncertainty of neutron intensity. The 216 

relative uncertainty decreases with increasing neutron intensity, N, and the standard deviation equals N0.5 217 

(Knoll, 2010). 218 

3.3.2. Improving the detector characterization 219 

To facilitate a comparison between model simulations and field measurements it is desirable to differentiate 220 

thermal and epithermal neutron intensity. A direct method to accomplish this is the cadmium difference 221 

method (Knoll, 2010; Andreasen et al., 2016). The cadmium difference method relies on two pairs of a bare and 222 
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a moderated detector. One detector pair is shielded by 0.5 mm thick cadmium foil (purity of 99.85%). The 223 

thermal neutron absorption cross-section (inversely related to the ability to transmit neutrons) of cadmium 224 

drops sharply from around 3500 barns to around 6.5 barns at an energy of 0.5 eV and remains low with 225 

increasing neutron energies. This leaves the cadmium shielded detectors sensitive only to epithermal neutrons 226 

(Knoll, 2010; Glasstone and Edlund, 1952). Thermal neutron intensity was calculated by subtracting the 227 

counting rate of the cadmium shielded bare detector from that of an equally sized bare detector. It was only 228 

practical to apply the cadmium-difference method for dedicated short-term field campaigns as the number of 229 

detectors required exceeded the number of detectors available at the individual sites. As an alternative to the 230 

cadmium difference method, correction models were used to estimate time-series of thermal and epithermal 231 

neutron intensities from the conventional bare and moderated detectors. The correction models used here 232 

were derived from field campaigns conducted at multiple locations and height levels (Andreasen et al., 2016). 233 

In order to estimate the epithermal neutron intensity during times where neutron intensity was only measured 234 

using the moderated detector, linear regression models were determined by relating the neutron intensity 235 

measured using the moderated neutron detector to the epithermal neutron intensity measured by the 236 

cadmium difference method. This was the case at all times at Harrild Heathland (2013-2019) and the period 237 

2013-2016 at Voulund Farmland.  Since the neutron intensity were detected using both bare and moderated 238 

detectors since 2016 at Voulund Farmland, the epithermal neutron intensity estimated using the regression 239 

function could be compared to the epithermal neutron intensity estimated using the correction models in the 240 

period 2016-2019. The time series of epithermal neutrons compare well (the results are not presented here).  241 

Although the detectors utilized were nominally identical, small variations during manufacturing can lead to the 242 

tubes having slightly different efficiencies under identical conditions. Therefore, the first step of data 243 

processing was to normalize the raw CRN data (see also Andreasen et al., 2016).  244 

3.3.3. Thermal and epithermal neutrons 245 

We consider both thermal and epithermal neutrons, and expect different sensitivities to soil moisture for the 246 

two energy ranges at the three field sites. This is due to the different reaction patterns of thermal and 247 

epithermal neutrons and the different land cover characteristics in terms of the distribution of hydrogen and 248 

the elemental compositions of vegetation and soil. The production rate of epithermal neutrons per incident 249 

high-energy neutron increases with increasing atomic mass of the target element (Zreda et al., 2012), and most 250 

neutrons are therefore produced in the mineral soil where the heavier elements prevail. Absorption is the most 251 

significant reaction process for thermal neutrons, while scattering is a more important reaction for epithermal 252 

neutrons. For hydrogen, the thermal neutron absorption cross-section is around 0.32 barns, while the 253 

epithermal neutron scattering cross-section is around 20 barns (Zreda et al., 2012). Therefore, in the soil, the 254 

thermal neutron production rate is much higher than the absorption rate, while for epithermal neutrons both 255 

the production and scattering is substantial. In result, thermal neutron intensities have a maximum in the top 1 256 

m of soil. Above the soil surface, the thermal neutron intensity first decrease sharply with height, reaches a 257 

minimum at the height at which the effect of the land surface becomes negligible, and then increases with 258 

increasing height. Except at very dry soil conditions the epithermal neutron intensity increases from the top 259 

soils and up through the atmosphere because soils have higher neutron scattering cross sections than air does 260 

(Zreda et al., 2012). Compared to the reaction pattern in the mineral soil, the production of epithermal 261 
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neutrons is low in the litter and vegetation material composed of lighter elements, while the moderation and 262 

absorption is high due to the high concentration of hydrogen. The increase in thermal (from some hundred 263 

meters height above the ground surface) and epithermal neutron intensity with height in the atmosphere 264 

reflects the cascade of high energy neutrons. The cascade is generated from primary cosmic-ray particles in the 265 

top of the atmosphere. Propagating the atmosphere, neutrons collide with and disintegrate nuclei. For every 266 

collision the neutron energy, and thereby the high energy neutron intensity, decreases (Zreda et al., 2012).  267 

3.3.4. CRN experiments 268 

We performed several experiments with the available CRN detectors at the three field sites to investigate the 269 

effects of land cover (i.e. vegetation, litter layer) on the neutron response to soil moisture changes. In order to 270 

improve our counting statistics, we used daily neutron intensity averages calculated on the hourly counting 271 

rates (Bogena et al., 2013). This was necessary because data at an hourly time-scale was rather noisy given the 272 

low neutron count rate of our low elevation field sites (50 - 60 m above sea level) and the available detector 273 

systems. 274 

Low biomass case: Voulund Farmland 275 

A moderated detector was installed at Voulund Farmland on February 7, 2013. Later, on January 12, 2016 a 276 

bare detector was added to the CRN setup of the field site. Thermal and epithermal neutron intensity were 277 

computed using our correction models at times with measurements of both bare and moderated detectors. In 278 

September and October 2015 CRN field campaigns were conducted using the moderated detector of Voulund 279 

Farmland together with the moderated and bare detectors normally installed at Gludsted Plantation. Using an 280 

11-m high mast installed at the site, we obtained atmospheric profiles of neutron intensity at two height levels 281 

on September 22, 2015 (1.5 m and 10.75 m height) and three height levels on September 23, 2015 (1.5 m, 6 m 282 

and 10.75 m height) (Andreasen et al., 2016). Direct measurements of thermal and epithermal neutron 283 

intensity were obtained at the site from September 29 to October 20, 2015 using the cadmium-difference 284 

method. The fields were covered by stubble during the profile and cadmium difference measurements. One of 285 

the soil sampling campaign was conducted during the neutron intensity profile measurements on September 286 

23, 2015, from which a mean volumetric soil moisture content of 0.22 was determined (Table 1).  287 

Intermediate biomass case: Harrild Heathland 288 

A moderated detector was installed at Harrild Heathland in March 20, 2014. Neutron intensity profiles could 289 

not be measured here due to the absence of a mast. From October 27 to November 16, 2015 thermal and 290 

epithermal neutron intensity were measured applying the cadmium-difference method using two bare 291 

detectors and one moderated detector. During this period, a soil sample campaign was conducted (on October 292 

29, 2015) yielding an average volumetric water content of 0.38 (Table 1). The number of moderated detectors 293 

installed at Harrild Heathland has varied over time. From June 27, 2014 to September 22, 2015, and 294 

permanently from July 8, 2016 two moderated detectors were collecting data at the field site. During these 295 

times, the relative measurement uncertainty is lower due to the higher count rate.    296 
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High biomass case: Gludsted Plantation 297 

Four neutron intensity detectors were installed on a 45-m high mast featuring Gludsted Plantation field site in 298 

February 8, 2013. A set of bare and moderated detectors were installed at ground level and canopy level (27.5-299 

m height above the ground), respectively. Since the end of 2015, only the ground level set of bare and 300 

moderated detectors were installed at the field location. Atmospheric profiles of neutron intensity were 301 

measured at the site on November 25-26, 2013 and March 12-14, 2014 (details are provided in Andreasen et 302 

al., 2017b). Thermal and epithermal neutron intensity profiles were estimated from the respective bare and 303 

moderated counting rates using the correction models. Additionally, an epithermal neutron intensity profile 304 

was measured on March 12-14, 2014 using the cadmium shielded moderated detector. At the time of the 305 

profile the volumetric water content was 0.18. 306 

3.3.5. Neutron correction and soil moisture estimation 307 

CRN intensity from the CRS1000/B moderated detector was corrected for variations in barometric pressure, 308 

atmospheric water vapor and incoming neutron intensity (Desilets et al. 2010; Zreda et al., 2012; Rosolem et 309 

al., 2013). However, the bare detector was not corrected for atmospheric water vapor fluctuations. This seems 310 

to be justified by previous studies (Bethe et al., 1940; Lockwood and Yingst, 1956). Furthermore, preliminary 311 

modeling by the authors, and R. Rosolem (personal communication, 2015) suggest that ground level thermal 312 

neutron intensity is only weakly affected by atmospheric water vapor (up to 40% of the epithermal neutron 313 

correction but in the opposite direction and soil moisture dependent). More study of this effect is needed.  314 

CRN intensity was converted to soil moisture using the standard N0-calibration function (equation 1), derived 315 

from neutron transport modeling of epithermal neutrons (10-1000 eV) for pure silica soil and bare ground 316 

reference conditions (Desilets et al., 2010) and modified to include other sources of hydrogen than soil 317 

moisture (Zreda et al., 2012).  318 

 (1) 319 

 b is the dry bulk density of the soil in grams per cubic centimeter, N is 320 

the ground level epithermal neutron intensity in counts per time unit, N0 is the ground level epithermal 321 

neutron intensity over dry soil in counts per time unit  grams of lattice and bound water per gram of dry 322 

mineral soil, SOC is grams of water in organic matter per gram of dry mineral soil, and ai are parameters; a0 is 323 

0.0808, a1 is 0.372 and a2 is 0.115. N0 is recommended to be estimated from multiple soil moisture calibration 324 

campaigns representing both dry and wet conditions (Franz et al., 2012).  325 

3.4. Modeling 326 

3.4.1. Neutron transport model 327 

To simulate the behavior of CRNs near the land surface we used the general purpose Monte Carlo N Particle 328 

code version 6 (MCNP6) (Pelowitz, 2013). The code uses partially stochastic methods to simulate individual 329 

particle trajectories over a broad range of energies (10-11 - 20 MeV for neutrons). The code allows three-330 

dimensional simulations for user-defined configurations and materials in cells of a structured geometric design. 331 
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MCNP6 utilizes nuclear cross-section libraries to compute probabilities of nuclear interactions and has been 332 

extensively benchmarked (Durkee and James, 2012).  333 

We used MCNP6 to compute thermal (0-0.5 eV) and epithermal neutron fluxes (10-1000 eV) at volumetric soil 334 

moistures in the interval 0.05  0.50. The vertical extent of the model is ~2 km and the lateral domain is a 335 

square 400 x 400 m. The model is constrained by reflecting boundaries such that a particle hitting a model 336 

boundary will be reflected specularly back into the model domain. The neutron source is distributed along a 337 

plane coinciding with the top boundary surface, and has an energy spectrum that approximates the one 338 

reported by Hughes and Marsden (1966) but is limited to particles between 400 MeV and 50000 MeV. The 339 

detectors are cells extending across the horizontal extent of the domain. We simulated a minimum of three 340 

million particle histories per model run. These simulations yield the neutron flux per source particle, distributed 341 

by energy bin. In order to obtain values comparable to our measured counting rates we applied detector-342 

specific empirical conversion factors for thermal and for epithermal neutrons (more details are provided in 343 

Andreasen et al., 2016).  344 

To increase the vertical resolution of the cell flux tallies for the area of primary interest the thickness of the 345 

cells varies to give finer resolution near the land air-soil interface. From the ground surface to the upper 346 

boundary of the model domain the thickness of the cells increases from 0.5 m to 164 m. From the ground 347 

surface down to the lower boundary the thickness increases from 0.025 to 0.20 m. 348 

Each cell is assigned a material of soil, vegetation or atmosphere. The lowest 4 m of the model consists of 349 

subsurface cells. Different soil materials are included to represent changing chemical compositions of 350 

subsurface layers with depth. The materials of the subsurface soil cells are determined from field 351 

measurements combined with literature values. From the ground surface and up, cells are assigned with an 352 

atmospheric material composed of 21% oxygen and 79% nitrogen by volume with a constant density of 353 

0.001165 g/cm3. Some runs also included vegetation. Here, the material and density of above ground cells are 354 

changed to represent vegetation instead of atmosphere. The vegetation is treated either as a homogenized 355 

layer or as a three-dimensional structure. For the later, sub-cells are included in the geometric structure to 356 

represent the spatial distribution of materials and densities of tree stem, foliage and the air in between the 357 

trees (Figure 2).  358 
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volumetric soil moisture and dry bulk density measured on 29 October 2015 was used. The area average 381 

volumetric water content was 0.38 (0-30 cm depth) and the dry bulk densities of the litter and the mineral soil 382 

were 0.876 g/cm3 and 1.457 g/cm3, respectively (Table 1). The dry bulk density of the litter layer is not 383 

expected to change over time. Nevertheless, significantly different values were measured probably due to 384 

measurement uncertainty related to the sampling and preparation of organic rich soil samples (O Kelly, 2004). 385 

In order to test the influence of the measured range of litter layer dry bulk density on the thermal and the 386 

epithermal neutron intensity an additional model setup was applied. Apart from different dry bulk density of 387 

the litter layer the same model setup is used. The two models represents the lowest and highest measured dry 388 

bulk density of the litter layer (Table 1). 389 

The Gludsted Plantation model includes soil, forest canopy and atmosphere. The soil is composed of five soil 390 

materials; one litter material (0.0-0.1 m depth), assumed to be 100% cellulose (C6H10O5), and four mineral soil 391 

materials (0.1-4.0 m depth). The mineral soil materials consist of the major elements measured using XRF and 392 

different amounts of roots and SOC (see Tables 1 and 2). The material used for soil in 0.1-0.2 cm depth 393 

represents the root zone and contains a wet below-ground root biomass of 45 t/ha. The SOC content at this 394 

depth is 16.9%, while it in 0.2-0.3 m and 0.3-4.0 m depth is 7.6% and 0%, respectively. The area average dry 395 

bulk density as determined from the soil sampling field campaign on 26-27 August 2013 is used for the 396 

characterization of the litter and mineral soil layers (Table 1). Two model conceptualizations are used to 397 

describe the forest canopy layer with a dry above-ground biomass of 100 t/ha. The forest canopy layers 398 

extends from the ground to 25 m above the ground surface and is in the simple model-setup represented by a 399 

homogeneous layer made by an assembled material of cellulose and air with a composite density of 0.001892 400 

g/cm3 (Figure 2D). The more detailed model conceptualization includes three materials within the forest 401 

canopy layers: (1) tree stem with a density of 0.83 g/cm3, (2) foliage including air with a composite density of 402 

0.001510 g/cm3, and (3) free air with a density of 0.001165 g/cm3 (Figure 2E). The tree stem density and the 403 

distribution of biomass between tree stem and foliage represent typical values of Norway spruce (see section 404 

2.3.). The trees have a stem diameter of 0.14 m, a surrounding cushion of foliage with a thickness of 1.70 m 405 

and a spacing of 2.36 m between the centers.   406 

4. Results  407 

4.1. Thermal and epithermal neutron height profiles 408 

Measured and modeled thermal and epithermal neutron intensity height profiles at Voulund Farmland, Harrild 409 

Heathland and Gludsted Plantation are provided in Figure 3. The models include only information on soil 410 

chemistry, soil bulk density and vegetation, and are not calibrated.   411 
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cover resulted in a 0.4% increase in the ground level thermal neutron intensity and a 0.6% decrease in the 420 

ground level epithermal neutron intensity (compared to bare ground conditions). Thus, the seasonal variation 421 

in vegetation cover is not important at Voulund Farmland. For Harrild Heathland, the simulations appear rather 422 

insensitive to the dry bulk density of the litter layer for a volumetric soil moisture content of 0.38. For both 423 

field sites, a reasonable agreement between measured and modeled epithermal neutron intensity at ground 424 

level is obtained with a slight underestimation of thermal neutron intensity. The simulations for Voulund 425 

Farmland for heights are in good agreement with measurements. Larger differences appear for the thermal 426 

and epithermal neutron profiles modeled using a simple and a more detailed model setup at Gludsted 427 

Plantation. Overall, for the more complex model setup the slope of the neutron height profiles are steeper, and 428 

lower epithermal neutron intensities are modeled. Both of the modeled thermal neutron height profiles agree 429 

reasonably well with profile and time-series measurements at ground and canopy level for the time period 430 

2013-2015 (Figures 3E). For the epithermal neutrons (Figures 3F), the height profile modeled using the simple 431 

model setup fits the profile measurements from November 2013 very well and also fall within the daily range 432 

of time-series measurements. The modeled epithermal neutron intensities are for most height levels either 433 

lower (the complex model setup) or higher (the simple model setup) than the neutron intensities measured in 434 

March 2014.        435 

Thermal and epithermal neutron height profiles are very different at the ground-atmosphere interface and the 436 

three field sites show distinct differences, especially with respect to the epithermal neutron profiles. Overall, 437 

the sensitivity of thermal and epithermal neutrons to soil moisture vary among the three different field sites, 438 

and is quantified in absolute terms by calculating the difference in neutron intensity modeled at volumetric soil 439 

moisture values of 0.10 and 0.40. Considering the sensitivity using absolute values is important as the neutron 440 

count rate is important for the measurement uncertainty. Among the three field sites, the sensitivity to soil 441 

moisture at ground level for thermal neutrons is lowest at Voulund Farmland characterized by no litter layer 442 

and no vegetation (Figure 3A and Table 3). The sensitivity to soil moisture increases at Harrild Heathland 443 

(Figure 3C and Table 3) and Gludsted Plantation (Figure 3E and Table 3) due to the presences of a litter layer 444 

and increasing amounts of biomass. The differences between the field sites and the absolute sensitivity to soil 445 

moisture are reduced considerably with height (Figure 3A, 3C and 3E, and Table 3). Thermal neutrons are 446 

primarily generated in the ground and the thermal neutron intensity decreases with height as they are 447 

absorbed in the air, primarily by nitrogen. This causes a notable reduction in the absolute sensitivity with 448 

height. At some point (several hundred meters above the ground surface), the effect of the ground surface on 449 

thermal neutrons disappears resulting in an increasing thermal neutron intensity with height following the high 450 

energy cascade neutrons.  451 

Table 3 is inserted here 452 

As expected, the sensitivity to soil moisture is greater for epithermal neutrons than for thermal neutrons. At 453 

ground level, the range of epithermal neutrons at dry and wet soil is considerable smaller at field sites that 454 

include a litter layer and decreases even further as the amount of biomass becomes greater (Figures 3B, 3D 455 

and 3F, and Table 3). In the same manner, the hourly and daily ranges of ground level epithermal neutron 456 

intensity time-series measurement are greatest at Voulund Farmland, and are more than double of the time-457 
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series measurement ranges at Gludsted Plantation (the field site with the lowest range of measurements). At 458 

ground level, the measurement ranges exceed the modeled ranges (represented by gray colored areas). This is 459 

expected as both lower volumetric soil moisture than 0.10 (e.g., during the long and dry summer in 2018) and 460 

higher volumetric soil moisture than 0.40 is likely at Harrild Heathland and Gludsted Plantation (high porosity in 461 

the top soil litter layers). At 40-m height above the ground surface the sensitivity to soil moisture on epithermal 462 

neutrons is modeled to be lower than at ground level, yet it is still significant (Figure 3 and Table 3). The model 463 

results demonstrate that the impact of surface characteristics is visible to much higher elevations for the 464 

epithermal neutrons than for the thermal neutrons (Figures 3B, 3D and 3F, and Table 3). The effect of soil 465 

wetness is apparent at considerably higher elevations for Voulund Farmland than for both Harrild Heathland 466 

and Gludsted Plantation. The height at which similar epithermal neutron intensities are achieved for Harrild 467 

Heathland and Gludsted Plantation is 500 m. All three field sites have approximately the same intensity at 700 468 

m (results not presented here).  469 

4.2. The relationship between low-energy neutrons and soil moisture 470 

Figure 4 presents measured and modeled relationships between soil moisture and ground level neutron 471 

intensity of thermal and epithermal energies determined at Voulund Farmland (Figures 4A and 4B), Harrild 472 

Heathland (Figures 4C and 4D) and Gludsted Plantation (Figures 4E and 4F). Soil moisture measured from the 473 

soil sample field campaigns using oven drying, estimated by the sensor networks (soil column averages) and 474 

the handheld TDR are compared with both the thermal and epithermal neutron intensity. Relationships of soil 475 

moisture and epithermal neutron intensity using the standard N0-calibration function (Desilets et al., 2010) are 476 

also provided by estimating the free parameter N0 from the results of all soil sampling field campaigns 477 

conducted at the field sites.  478 

 479 

 480 

 481 

  482 
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 483 

Figure 4. Site-specific modeling of the relationship between volumetric soil moisture, and ground level (1.5 m) 484 

thermal (a., c. and e.) and epithermal neutron intensity (b., d. and f.), respectively, at Voulund Farmland, 485 

Harrild Heathland and Gludsted Plantation. Modeling results are compared to CRN intensities and soil moisture 486 

measured from volumetric soil sampling and oven drying, and estimated from soil moisture sensor networks 487 

(soil column average) and from a handheld TDR. The data is provided as daily averages. Furthermore, the site-488 

specific modeling results (two models per field location, see Section 3.4.2. for details) are compared to the N0-489 

calibration functions for soil moisture estimation using measurements of epithermal neutron intensity.  490 
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Overall, the site-specific models fit the independently acquired field data well (i.e. the soil sampling, the sensor 491 

network and the TDR), especially for the epithermal neutrons. The models are appropriate and well suited for 492 

the examination of the neutron transport at the three field sites as the modeling results match the observed 493 

trends (e.g. steepness of curves) and captures the overall shifts in the absolute thermal and epithermal neutron 494 

intensity between the sites. Distinct differences appear between the field sites with similar mineral soil 495 

chemistry and different land cover.  496 

For Voulund Farmland similar relationships of soil moisture and neutron intensity (thermal and epithermal) are 497 

provided by the bare ground and vegetation models, suggesting that the seasonal change in land cover 498 

conditions (bare ground, stubbles or crop) is unimportant at all soil moisture conditions (Figures 4A and 4B). 499 

The modeled relationship of soil moisture and epithermal neutrons are also similar to relationship provided by 500 

the N0-calibration function, despite at soil moisture below 0.15. A steeper curve is provided by the N0-501 

calibration function. Compared to the results obtained from field measurements the models slightly 502 

underestimate the relationship of soil moisture and thermal neutrons (Figure 4A). Overall, measured and 503 

modeled relationships of soil moisture and epithermal neutron intensity compare well (Figure 4B). The only 504 

exception is for the at all times slightly lower TDR soil moisture estimates.  505 

At Harrild Heathland, different curves are obtained by the two models (Figures 4C and 4D). The models 506 

converge for wet soils for both thermal and epithermal neutrons but deviate substantially at the dry end. For 507 

this particular field site, the soil is predominantly wet throughout the year given a topographic low point and 508 

the presence of a hardpan layer in 25-30 cm depth. Furthermore the thermal neutron intensity was only 509 

measured during the wet conditions (0.38  0.48 m³/m³). At this soil moisture range, the two models 510 

underestimate the thermal neutron intensity by 50 - 60 cts/hr (Figure 4C). For both models, satisfactory 511 

agreement to epithermal neutron measurements is obtained for the wet regime, which is represented by all 512 

soil moisture measurements (soil sampling campaigns). More dry soil conditions are represented by the soil 513 

moisture estimates provided by the sensor network. The model results with the low bulk density litter layer are 514 

in good agreement with these measurements (Figure 4D). The relationship of soil moisture and epithermal 515 

neutrons provided by the standard N0-calibration function and the site-specific model (low bulk density litter 516 

layer model) deviates increasingly as drier soil conditions are considered.  517 

The model including a complex forest canopy conceptualization at Gludsted Plantation was expected to 518 

provide neutron intensity in better agreement with measurements as the local conditions are represented 519 

more accurately. Surprisingly, the best fit between measurements and modeling is obtained for the model 520 

based on a simple conceptualization of the forest layers (Figures 4E and 4F). This is especially true for thermal 521 

neutrons for which a remarkable agreement is obtained (Figure 4E). For the epithermal neutron intensity, the 522 

simple model compares well to measurements obtained by the sensor network and the TDR while it 523 

underestimates slightly when compared to soil sample measurements. The standard N0-calibration function 524 

compares slightly better to the soil sampling soil moisture while it overestimates slightly when compared to the 525 

TDR soil moisture. Dry soil moisture conditions are mainly represented by measurements obtained by the 526 

sensor network. At soil moisture between 0.10 and 0.45 a range of epithermal neutrons of around 200 cts/hr is 527 
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measured. This is more in line with the range provided by the simple model (around 200 cts/hr) than the range 528 

provided by the standard N0-calibration function (around 300 cts/hr).   529 

4.3. Time series soil moisture estimation  530 

Soil moisture are estimated from epithermal neutron measurements using the site-specific conversion function 531 

and the standard N0-calibration function for each of the three field sites. For the determination of the site-532 

specific conversion functions for CRN soil moisture estimation, curve fitting is conducted for the pairs of soil 533 

moisture and neutron intensity obtained by: (1) the bare ground model for Voulund Farmland, (2) the model 534 

with a relatively low dry bulk density of the litter layer for Harrild Heathland, and (3) the model including a 535 

simple forest conceptualization for Gludsted Plantation. For soil moisture estimation using the N0-calibration 536 

function the dry bulk density of the top 20-cm was used. At Gludsted Plantation and Harrild Heathland these 537 

values tend to be low due to the predominance of light litter in the top layer consisting of plant material such 538 

as needles, bark and twigs. The N0 parameter is estimated based on all the available soil sample field 539 

campaigns (Table 1). N0 is determined to be 1475 cts/hr at Voulund Farmland, 1165 cts/hr at Harrild Heathland 540 

and 1244 cts/hr at Gludsted Plantation. Time-series of CRN soil moisture are compared with the soil moisture 541 

obtained from sensor networks (soil column average), the soil sampling and TDR field campaigns (Figure 5). 542 

Precipitation is measured at Voulund Farmland and Gludsted Plantation.  543 

 544 
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 545 

Figure 5. Time series of volumetric soil moisture obtained from CRN detection, sensor networks (soil column 546 

averages), soil sampling and TDR measurements for the period 2013  2019. The CRN soil moisture was 547 

estimated from ground level epithermal neutrons using the standard N0-calibration function and the site-548 

specific conversion function determined for the best performing CRN model for (A.) Voulund Farmland, (B.) 549 

Harrild Heathland, and (C.) Gludsted Plantation. Soil moisture estimates from the CRN detectors and sensor 550 

networks are daily moving averages. *The vertical dashed line at Voulund Farmland is included to show the day 551 

of transition (January 1 2016) between the two approaches used to obtain epithermal neutron intensity 552 

(regression model and correction model). More details are provided in section 3.3.2. CRN soil moisture at soil 553 

temperatures below and equal to 1 degree Celsius are taken out to remove spikes in the dataset. Hourly 554 

precipitation is included for Voulund Farmland and Gludsted Plantation. 555 
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Similar soil moisture estimates are obtained by the N0-calibration function and the site-specific conversion 556 

function at Voulund Farmland (Figure 5A). However, slightly lower and less dynamic soil moisture values are 557 

provided by the site-specific conversion function compared to the N0-calibration function from 2016. During 558 

this period the epithermal neutron intensity was estimated using the correction model and not using the 559 

regression function. The time-series are in satisfactory agreement with soil moisture from the sensor network, 560 

the soil sampling and the TDR campaigns. Larger differences in soil moisture estimates using ground level 561 

epithermal neutrons as well as the sensor networks are observed at Harrild Heathland and Gludsted Plantation 562 

(Figures 5 and 6). At Harrild Heathland, similar soil moisture are obtained from CRN measurements, soil 563 

sampling and TDR campaigns until the end of 2015. However from 2016, they start to deviate with higher 564 

sensor network soil moisture. Still, the dynamics are similar and the differences between the two methods are 565 

considerably smaller during summer. Soil moisture provided by the site-specific conversion function is more 566 

dynamic than soil moisture estimated using the standard N0-calibration function. The responses of soil 567 

moisture estimated using the N0-calibration function and the site-specific conversion function are similar at 568 

Gludsted Plantation. However, the estimates given by the site-specific conversion function are slightly more 569 

dynamic and are at all times (except one incidence in January 2016, probably due to a snow event) lower than 570 

the soil moisture provided by the standard N0-calibration function. Overall, CRN soil moisture agree reasonable 571 

with soil moisture obtained from soil sampling and TDR campaigns. For the whole time period, the soil 572 

moisture estimated by the sensor network is at the same level as the soil moisture estimated by the site-573 

specific conversion function. The dynamics are similar in summer, at times with a sharp drying curve (Figure 6). 574 

For the rest of year, the dynamic of the sensor network soil moisture is significantly lower than for the CRN soil 575 

moisture.   576 
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 577 

Figure 6. Time series of volumetric soil moisture obtained from CRN detection and sensor networks (soil 578 

column averages) for summer 2018. The CRN soil moisture was estimated from ground level epithermal 579 

neutrons using the standard N0-calibration function and the site-specific conversion function determined for 580 

the best performing CRN model for (A.) Voulund Farmland, (B.) Harrild Heathland, and (C.) Gludsted Plantation. 581 

Soil moisture estimates from the CRN detectors and sensor networks are daily moving averages. Hourly 582 

precipitation is included for Voulund Farmland and Gludsted Plantation.  583 

The soil moisture obtained from soil sampling (0-30 cm depth) and from the sensor network (in two or three 584 

depths, and the soil column average) are also used to quantify the performance of the site-specific conversion 585 

functions and the N0-calibration functions for soil moisture estimation at the three field sites (Table 4). At 586 

Voulund Farmland, good linear model fit and statistics are archived comparing CRN soil moisture (both for the 587 

calibration and the conversion function), to soil sampling and sensor network soil moisture regardless of sensor 588 
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depth. This is obvious considering the slope values of the fitted linear model (being close to one), the high R2 589 

and the low rmse values. 590 

Table 4 is inserted here 591 

Overall, worse linear model fits and statistics are obtained comparing CRN soil moisture to soil moisture 592 

obtained from soil sampling and sensor networks at Harrild Heathland and Gludsted Plantation than at 593 

Voulund Farmland. This is expected as the field sites are more complex due to the land cover and larger 594 

contrast in the composition of the soil layers as the soil is not prepared (e.g. ploughed). Also lower epithermal 595 

neutron count rates result in higher relative uncertainty. At Harrild Heathland, negative slope values are 596 

calculated for the linear models fitted to best describe the relationship of CRN and soil sampling soil moisture. 597 

However, the expected positive slopes are obtained when the CRN soil moisture instead is compare to the 598 

sensor network soil moisture (all depth levels). The statistics are similar for the N0-calibration function and the 599 

site-specific conversion function when related to each of the different sensor network depth levels and the soil 600 

sampling measurements in 0-30 cm depth. It should be noted, that only the period 2014-2015 is considered 601 

due to the sudden and unexplainable deviation in CRN and sensor network soil moisture from 2016 and 602 

forward. At Gludsted Plantation, slope values close to one are achieved for the linear models fitted to the CRN 603 

and soil sampling soil moisture datasets. However, low R2 and relatively high rmse values are provided (Table 604 

4). The statistics are better when comparing CRN soil moisture to sensor network soil moisture, especially for 605 

the litter layer and the soil column average. All in all, the site-specific conversion functions and the standard N0-606 

calibration functions perform equally well for soil moisture estimation at the three field sites. 607 

5. Discussion 608 

5.1. Performance of site-specific conversion functions  609 

The site-specific conversion function and the standard N0-calibration function perform equally well for soil 610 

moisture estimation at the three field sites. Overall, due to its simplicity and robustness, the standard N0-611 

calibration function is preferable for soil moisture estimation. However, the approach proposed in this study 612 

may prove valuable for situations where soil sampling for the determination of the N0-parameter is impossible 613 

or impractical. This applies to remote and inaccessible stationary field locations and CRN roving in 614 

heterogeneous landscapes. In addition, neutron transport modeling can help us to gain insight and expand our 615 

understanding of low-energy neutron transport. For example, somewhat surprising was the deviating soil 616 

moisture estimates of the standard N0-calibration function and the site-specific conversion function at Voulund 617 

Farmland (Figure 4B). The added complexity of the soil chemistry was small, but nonetheless significant for the 618 

relationship of soil moisture and epithermal neutron intensity at the dry end. It could be interesting to repeat 619 

the study at a field sites with a much different soil properties to test if the effect of including the site-specific 620 

soil chemistry would be more substantial for the resulting soil moisture estimates.  621 
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5.2. The land cover effect 622 

Based on the neutron transport models of the three field sites, an examination of the effect of land cover on 623 

the sensitivity to soil moisture was enabled. This examination is important for CRN roving at heterogeneous 624 

landscapes. As expected, different sensitivities to soil moisture of thermal and epithermal neutrons were 625 

modeled (Figures 3-4, and Section 3.3.3.). The lower epithermal neutron intensity at Harrild Heathland and 626 

Gludsted Plantation (compared to Voulund Farmland) is both a result of the litter layers effective moderation 627 

of neutrons produced in the underlying mineral soil layers, as well as the overall higher concentrations of 628 

hydrogen within the detector footprint in the form of litter and vegetation. The litter and vegetation at Harrild 629 

Heathland and Gludsted Plantation is also the reason for the lower sensitivity to soil moisture on epithermal 630 

neutrons as the presence of more hydrogen pools dampens the signal of soil moisture. The moderation of 631 

epithermal neutrons in the litter layer causes the thermal neutron intensities to be higher at Harrild Heathland 632 

and Gludsted Plantation than at Voulund Farmland. Thereby, litter intensifies the response of thermal neutrons 633 

to soil moisture as higher count rates entail a higher absolute sensitivity to soil moisture.  634 

5.3. Towards roving and airborne applications 635 

In an earlier paper we reported an increasing thermal-to-epithermal neutron (t/e) ratio with added amounts of 636 

litter, SOC and biomass (Andreasen et al., 2017b). Information on the t/e ratio for different landscape units 637 

(Table 3) could be valuable for soil moisture mapping using CRN roving. For example, the detected t/e ratio 638 

could be used to identify the land cover type, and in turn, whether the conversion functions for Voulund 639 

Farmland, Harrild Heathland or Gludsted Plantation should be used. In addition, measuring the t/e ratio along 640 

the survey route, could potentially also be used for biomass mapping. These applications would require the 641 

CRN rover to include bare neutron detectors.  642 

Very different height profiles for moderated and epithermal neutrons are measured because the thermal 643 

contribution to the moderated detector decreases substantially with height (Andreasen et al., 2016). Thus, the 644 

epithermal neutron intensity is increasing while the moderated neutron intensity is decreasing with height 645 

above the ground. For this reason, it is important to consider pure signals of thermal and epithermal neutrons 646 

if field experiments or CRN soil moisture mapping are conducted from a helicopter/UAV/tower where height 647 

levels may vary during a survey. For neutron detection from the air, the decreasing sensitivity of epithermal 648 

neutrons to soil moisture should also be considered. Reasonable soil moisture estimates were calculated from 649 

canopy level epithermal neutron intensity at Gludsted Plantation (results not presented here), despite of a 650 

reduction of approximately 20% in the sensitivity to soil moisture compared to ground level (Figure 3F and 651 

Table 3). For airborne neutron detection it may be necessary to consider higher elevations where the sensitivity 652 

of epithermal neutron intensity to soil moisture will be even lower. At 100 m height, the sensitivity of thermal 653 

and epithermal neutrons to soil moisture is reduced by 62% and 25% at Voulund Farmland, 89% and 36% at 654 

Harrild Heathland, and 82% and 29% at Gludsted Plantation, respectively.  655 

5.4. Model performance 656 

Up to the height of approximately 200 m, the thermal neutron intensity decreases with height above the 657 

ground surface (results not presented here). From that point on, and when the effect of the land surface soil on 658 

thermal neutrons is negligible, thermal and epithermal neutrons are in equilibrium and both increases with 659 
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height above the ground surface. The decreasing thermal neutron intensity and the increasing epithermal 660 

neutron intensity with height above the ground surface at the ground-atmosphere interface is successfully 661 

measured and modeled for all three field sites. This is remarkable considering the fact that no model 662 

calibration was made. The overall trends are well represented and the measured and modeled values compare 663 

well, especially for neutrons of epithermal energies.   664 

The site-specific models for Harrild Heathland and Gludsted Plantation include multiple mineral soil layers with 665 

detailed information on soil chemistry, SOC and below ground biomass. Previous work suggest that this level of 666 

detail only affects the modeled thermal and epithermal neutron intensity to a small degree (Andreasen et al., 667 

2017b). The largest effect on the neutron intensity was obtained when SOC was excluded. Here, the ground 668 

level neutron intensity increased with around 4%. Note, this is the case for a field site where the mineral soil is 669 

topped by a 10 cm thick litter layer. Perhaps specifications with a high degree of detail are important for field 670 

sites with no/thinner organic-rich top soil layer. 671 

For all but one (i.e. the simple forest model), the site-specific models slightly underestimated the relationship 672 

of ground level thermal neutrons and soil moisture (Figure 4). The underestimation of thermal neutrons is 673 

similar for the three field sites (around 50-75 cts/hr) and could be a result of the conversion factor for thermal 674 

neutrons. The conversion factors, enabling modeled neutron intensities to be directly comparable to measured 675 

neutron intensities, were determined from measurements and modeling of CRNs at 0.5 m height above the 676 

water surface in Ringkøbing Fjord (a shallow brackish lagoon) located in the western part of Denmark 677 

(Andreasen et al., 2016). Only a single water sample was collected during the time of neutron intensity 678 

measurements to determine the water chemistry used in the Ringkøbing Fjord model. Andreasen et al. (2016) 679 

also modeled the neutron transport above seawater, and applying conversion factors based on this simulation 680 

increases the ground level thermal neutron intensity by 63-99 cts/hr at the three field sites for volumetric soil 681 

moisture 0.05-0.50 (results are not presented here). Therefore, the fit to measurements would be improved for 682 

all models (beside the simple forest model setup for Gludsted Plantation) if a conversion factor for more saline 683 

water were to be applied. In order to examine the applicability of the current thermal neutron conversion 684 

factor, we recommend that the field experiment conducted above a water body be repeated. To ensure a 685 

correct salinity estimate more water samples should be collected during the time of neutron measurements. 686 

6. Conclusion 687 

A novel methodology to convert CRNs to soil moisture was developed. Compared to the conventional N0-688 

method, the approach does not involve calibration using soil sampling. Instead site-specific neutron transport 689 

modeling using MCNP was used. For three selected sites, representing the most dominant land covers, the 690 

overall trends in thermal and epithermal neutron intensities were reproduced. The N0-calibration and the site-691 

specific conversion functions performed equally well, and were similar to independent estimates from soil 692 

sampling, point scale sensors and TDR measurements. 693 

The developed method, using site-specific conversion functions, can be of great value at field sites where soil 694 

sampling is difficult or impossible due to a remote geographical location or due to problematic soil properties 695 
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(organic rich soils, soils with many roots or rocks, and impermeable dry clayey soils). However, most 696 

importantly, the approach could be a stepping stone for successful and reliable soil moisture mapping using 697 

CRN roving in heterogeneous landscapes where endless numbers of soil sampling is not feasible. As we gain 698 

knowledge on the impact of land cover on the neutron transport, relationships can be established that quantify 699 

the transition between the dominating land covers. A possible variable, that already has been shown to depend 700 

on land cover, is the thermal-to-epithermal neutron ratio.  701 
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9. Tables 814 

Table 1: Measured volumetric soil moisture, bulk density and SOC of the soil sample field campaigns conducted 815 

at Voulund Farmland, Gludsted Plantation and Harrild Heathland in the period 2013-2015. The average values 816 

of soil moisture and bulk density are provided along with standard deviations and ranges (minimum to 817 

maximum).  818 

  Volumetric soil moisture [-] Dry bulk density [g/cm
3
] 

Site and sampling day, 

and SOC 

Soil layer, 

depth in cm 

Average (standard 

deviation) 

Measurement 

range 

Average (standard 

deviation) 

Measurement 

range 

Voulund Farmland       

3.6.2013 (bare ground) Mineral, 0-30 0.188 (0.062) 0.066-0.313 1.419 (0.113) 1.150-1.631 

29.8.2013 (stubbles) Mineral, 0-30 0.141 (0.031) 0.055-0.201 1.293 (0.114) 1.035-1.553 

19.6.2015 (crops) Mineral, 0-30 0.222 (0.056) 0.080-0.394 1.447 (0.119) 1.132-1.716 

16.7.2015 (crops) Mineral, 0-30 0.161 (0.053) 0.062-0.278 1.375 (0.108) 0.951-1.576 

23.9.2015 (stubbles) Mineral, 0-30 0.222 (0.047) 0.140-0.315 1.472 (0.106) 1.152-1.760 

SOC = 4.5% Mineral, 0-30     

Harrild Heathland      

16.5.2014 Litter, 0-10 0.426 (0.187) 0.030-0.712 0.372 (0.296) 0.057-1.349 

 Mineral, 10-20 0.296 (0.106) 0.107-0.655 1.146 (0.245) 0.399-1.535 

1.7.2015 Litter, 0-10 0.527 (0.163) 0.194-0.827 0.788 (0.452) 0.180-1.532 

 Mineral, 10-20 0.291 (0.130) 0.081-0.560 1.441 (0.168) 1.042-1.721 

29.10.2015 Litter, 0-10 0.534 (0.161) 0.180-0.795 0.876 (0.435) 0.184-1.620 

 Mineral, 10-20 0.300 (0.124) 0.057-0.542 1.457 (0.198) 0.862-1.762 

SOC = 8.6% Mineral, 10-30     

Gludsted Plantation      

14.5.2013 Litter, 0-10 0.420 (0.117) 0.183-0.689 0.663 (0.452) 0.131-1.525 

 Mineral, 10-20 0.266 (0.087) 0.087-0.472 1.385 (0.198) 0.805-1.833 

26-27.8.2013 Litter, 0-10 0.157 (0.072) 0.056-0.394 0.344 (0.291) 0.088-1.087 

 Mineral, 10-20 0.145 (0.066) 0.055-0.392 1.090 (0.275) 0.221-1.530 

3.7.2015 Litter, 0-10 0.360 (0.143) 0.115-0.758 0.649 (0.398) 0.168-1.485 

 Mineral, 10-20 0.226 (0.099) 0.062-0.454 1.384 (0.221) 0.423-1.798 

SOC = 16.9% Mineral, 10-15     

SOC = 7.6% Mineral, 25-30     

 819 

 820 

 821 

 822 

 823 
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Table 2: The chemical composition of major elements at Voulund Farmland, Harrild Heathland and Gludsted 824 

Plantation determined using x-ray fluorescence (XRF) analysis on soil samples collected in approximately 25 825 

depth. Bdl: Below detection limit of XRF analysis. 826 

  

Voulund Farmland 

[mass%] 

Harrild Heathland 

[mass%] 

Gludsted Plantation  

[mass%] 

O 52.32 52.76 52.78 

Si 42.65 44.71 44.86 

Al 3.29 1.74 1.54 

K 0.86 0.56 0.53 

Ti 0.20 0.23 0.29 

Ca 0.33  bdl  bdl 

P 0.24  bdl  bdl 

Fe 0.12  bdl  bdl 

 827 

Table 3: Thermal and epithermal neutron intensity, and the t/e ratio at soil moisture (SM) 0.10 and 0.40 at 1.5-828 

m and 40-m height above the ground surface for the bare ground model (Voulund Farmland), the low dry bulk 829 

density litter layer model (Harrild Heathland) and the simple forest conceptualization model (Gludsted 830 

Plantation). 831 

  

 

Thermal neutrons [cts/hr] Epithermal neutrons [cts/hr] t/e ratio 

 

Height [m] SM 0.10 SM 0.40 Difference SM 0.10 SM 0.40 Difference SM 0.10 SM 0.40 

Voulund 

Farmland 

1.5 483 423 60 1243 851 392 0.39 0.50 

40 221 187 35 1303 958 346 0.17 0.20 

Harrild 

Heathland 

1.5 496 394 102 831 664 167 0.60 0.59 

40 212 170 42 938 790 148 0.23 0.22 

Gludsted 

Plantation 

1.5 630 514 116 749 614 135 0.84 0.84 

40 179 150 29 914 810 105 0.20 0.19 

 832 

 833 

Table 4: Linear model fit (slope and intercept) and statistics (R2 and rmse) of soil moisture determined from soil 834 

sampling and sensor networks, and CRN measurements at Voulund Farmland (2013-2019), Harrild Heathland 835 

(2014-2015) and Gludsted Plantation (2013-2019). For the sensor network, measurements from the litter layer 836 

(not Voulund Farmland), 2.5 cm and 22.5 cm depth in the mineral soil, as well as an average for the whole soil 837 

column are used. For the CRN measurements, soil moisture are estimated using the standard N0-calibration 838 

and the site-specific conversion functions for the three field sites. Neutron intensity measurements at soil 839 

temperatures below and equal to 1 degree Celsius (for the top 5 cm soil layer) are not included in the used 840 

dataset.  841 
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 842 

    Voulund Farmland Harrild Heathland Gludsted Plantation 

Soil 

sampling   N0-calibration 

Site-specific 

conversion N0-calibration 

Site-specific 

conversion  N0-calibration 

Site-specific 

conversion 

0-30 cm 

depth 

 

 

              

Slope 0.80 0.95 -0.73 -0.43 0.95 1.02 

Intercept 0.043 0.032 0.624 0.521 0.013 0.114 

R
2
 0.955 0.955 0.816 0.825 0.467 0.477 

rmse 0.010 0.023 0.036 0.050 0.052 0.127 

Sensor 

network         

Litter layer Slope - - 0.53 0.84 0.86 0.89 

  Intercept - - 0.072 -0.082 0.061 -0.060 

  R
2
 - - 0.802 0.787 0.721 0.669 

  rmse - - 0.181 0.172 0.054 0.108 

2.5 cm 

depth Slope 1.13 0.80 0.62 0.99 1.43 1.49 

  Intercept 0.025 0.052 0.142 0.025 0.064 -0.059 

  R
2
 0.795 0.756 0.847 0.845 0.568 0.539 

  rmse 0.055 0.028 0.035 0.037 0.154 0.071 

22.5 cm 

depth Slope 1.13 0.83 1.13 1.79 1.37 1.41 

  Intercept -0.001 0.027 0.042 -0.128 0.052 -0.068 

  R
2
 0.697 0.714 0.789 0.771 0.583 0.538 

  rmse 0.041 0.025 0.081 0.098 0.142 0.070 

Average Slope 1.19 0.86 0.71 1.13 1.26 1.30 

  Intercept 0.001 0.032 0.080 -0.071 0.036 -0.086 

  R
2
 0.796 0.788 0.831 0.819 0.702 0.654 

  rmse 0.046 0.021 0.041 0.041 0.107 0.056 

 843 

 844 

 845 

 846 

 847 

 848 

















 





 





 


