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Abstract

:

Soil moisture is a critical variable influencing plant water uptake, rainfall-runoff partitioning, and near-surface atmospheric conditions. Soil moisture measurements are typically made using either in-situ sensors or by collecting samples, both methods which have a small spatial footprint or, in recent years, by remote sensing satellites with large spatial footprints. The cosmic ray neutron sensor (CRNS) is a proximal technology which provides estimates of field-averaged soil moisture within a radius of up to 240 m from the sensor, offering a much larger sensing footprint than point measurements and providing field-scale information that satellite soil moisture observations cannot capture. Here we compare volumetric soil moisture estimates derived from a novel, less expensive lithium (Li) foil-based CRNS to those from a more expensive commercially available 3He-based CRNS, to measurements from in-situ sensors, and to four intensive surveys of soil moisture in a field with highly variable soil texture. Our results indicate that the accuracy of the Li foil CRNS is comparable to that of the commercially available sensors (MAD = 0.020 m3 m−3), as are the detection radius and depth. Additionally, both sensors capture the influence of soil textural variability on field-average soil moisture. Because novel Li foil-based CRNSs are comparable in accuracy to and much less expensive than current commercially available CRNSs, there is strong potential for future adoption by land and water managers and increased adoption by researchers interested in obtaining field-scale estimates of soil moisture to improve water conservation and sustainability.
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1. Introduction


Soil moisture is an essential climate variable which influences a number of important hydrological processes, including rainfall infiltration and surface runoff, plant water use, and groundwater recharge, among others [1,2]. A large number of local, regional, and national in-situ soil moisture monitoring networks have been developed around the world in recent years, and the advent of soil moisture remote sensing satellites such as the Soil Moisture Active Passive (SMAP; [3]) and Soil Moisture Ocean Salinity (SMOS; [4]) missions have further increased the availability of soil moisture information [5]. However, despite the increasing availability of soil moisture observations, there remains a gap in the spatial scale between in-situ sensors, which typically measure conditions only within a few centimeters of the sensor itself, and remote sensing observations, which provide a single mean soil moisture value over areas of multiple square kilometers.



The cosmic ray neutron sensor (CRNS) is a technology that has emerged in recent years which can provide field-averaged soil moisture measurements [6]. These sensors bridge the soil moisture measurement spatial scale gap by providing a much larger sensing footprint (i.e., up to a 240-m radius and 0.8-m depth) than point measurements from in-situ sensors [7]. The CRNS is a passive measurement system that relies on incoming primary cosmic ray particles entering the atmosphere and creating cascades of secondary cosmic ray particles, including fast neutrons, that penetrate to the Earth’s surface. Because its mass is similar to that of fast neutrons, hydrogen is the most abundant and effective moderator of neutrons, converting fast-moving neutrons to slower neutrons; thus, there is an inverse relationship between fast neutrons and the amount of hydrogen in the environment [7]. Using a site-specific calibration, fluctuations in the number of fast neutrons can be attributed to changes in soil moisture [8].



To measure fast neutron counts, most commercially available CRNSs rely upon 3He and BF3-filled proportional counting tubes encased in high density polyethylene (HDPE). When fast neutrons enter the tube, ionization occurs and an electric pulse is counted [8,9]. While traditional 3He- or BF3- based CRNSs meet a critical need in bridging the spatial gap between point measurements and remote sensing soil moisture observations, their adoption outside of the context of scientific research is virtually non-existent, primarily due to the prohibitively high cost of the sensors. Supply for 3He comes from the decay of tritium from nuclear stockpiles, and the limited supply and high demand for 3He has caused prices to continually increase [10]. BF3-based neutron detectors offer a slightly less expensive alternative, but BF3 is highly toxic and the cost of BF3-based CRNSs still limits wider adoption of the technology. However, emerging neutron detection technologies are being developed which significantly decrease the cost of CRNSs [11].



There are several emerging neutron detection technologies that have been field-tested in CRNSs and show promise as replacements of both 3He- and BF3-based sensors. Recently, a group of researchers in Europe designed a CRNS called Finapp, which utilizes inorganic and plastic scintillators coupled with a photomultiplier for neutron detection. Field testing in Italy and Germany found Finapp to have good agreement with 3He-based CRNSs [12,13]. Another emerging neutron detection technology produced by a group of researchers in Germany and tested for use in CRNSs are boron-lined proportional counters, which have the same measurement principals as commercially available 3He and BF3 proportional counters [14]. Both Finapp and the boron-lined neutron detection system from Germany can provide additional spectral information on neutrons. This could offer several advantages including the ability to be self-corrected for incoming neutron intensity without relying on external neutron monitoring databases and the potential to distinguishing other hydrogen sources, such as above-ground vegetation biomass, from soil water. While both of these systems are promising replacements for 3He proportional counters, neither are currently commercially available. Radiation Detection Technologies, Inc. (RDT; Manhattan, KS, USA), produces a CRNS using lithium (Li) foil multi-wire proportional counters (MWPC) for neutron detection. These MWPC’s contain 6Li metal foils (95% enrichment) suspended between banks of anode wires. Unlike 3He, lithium foils are readily available, as the material is commercially produced by the lithium-ion battery industry [11,15]. Because these materials are more readily available than those used in other types of detectors, they can be produced for 50% or less of the cost of current commercially available sensors. For more detailed information regarding the detector, see the Li-foil neutron detector product page: https://radectech.com/li_foil_neutron.



The measurement theory of CRNSs allows for field-averaged soil moisture estimates to be obtained from a single measurement location. The benefit of this technology is especially evident in heterogeneous environments, where point measurements do not adequately capture field-scale soil moisture dynamics. In environments with heterogeneous soils, CRNSs are likely to be more useful than point measurements for several applications, including long-term modelling of catchment dynamics [16], field-specific irrigation management [17], and for inclusion in land-atmosphere interaction models [8]. The influence of heterogeneous soil types on CRNS readings is highly dependent on the radial distance of the different soil types from the sensor, with areas near the sensor having an exponentially higher impact on neutron readings than areas farther away. For this reason, the relative influence of heterogenous soils on neutron counts and soil moisture derived from CRNS measurements varies as the sensing radius of the CRNS fluctuates [18]. Recently, studies have proposed measuring both fast and slow neutrons to distinguish between near-field and far-field soil moisture dynamics, however the measurement of slow neutrons has not been the focus for monitoring soil moisture [19]. Because CRNS sensing footprints fluctuate in response to changing field conditions, soil moisture heterogeneity near the edge of the field may be excluded during wet seasons when the sensing radius decreases [7]. However, the installation location of CRNSs can be chosen such that near-field heterogeneity is representative of the surrounding area [16].



The objective of this study was to determine whether a novel, less expensive Li foil-based CRNS would perform similarly to a commercially available 3He sensor in providing field-scale estimates of soil volumetric water content, and to evaluate the influence of highly variable soil textures near the edge of the CRNS detection footprint on field-averaged readings as the CRNS sensing footprint fluctuates in response field conditions. Our results indicate (i) that this new Li foil-based CRNS performs nearly identically to the commercially available sensor with respect to estimated soil moisture values and effective sensing radius and depth, and (ii) that both sensors capture the influence of edge-of-field soil textural heterogeneity on soil moisture that is not observed using in-situ point measurements alone. The lower cost of the Li-foil sensor, while still likely prohibitive for applications outside of research, has strong potential for future incorporation into a number of hydrological and agricultural water management scenarios.




2. Materials and Methods


2.1. Site Description


This study was conducted at the Texas A&M University Beef Center in Brazos County (TX, USA) from 3 March to 1 May 2021 (Figure 1A,B). During the study period, the site received 148 mm of precipitation. Mean daily temperatures ranged from 10.3 to 25.4 °C with a mean of 17.6 °C. Mean daily atmospheric pressures ranged from 99.6 to 102.3 kPa with a mean of 100.8 kPa. Mean vapor pressures ranged from 0.7 to 2.6 kPa with a mean of 1.6 kPa. Mean daily absolute humidity ranged from 5.5 to 18.7 g m−3 with a mean of 11.5 g m−3.



The land cover within the sensing footprint of the CRNSs was primarily native pasture used for cattle grazing. The soil within a 100-m radius of the neutron detectors was mapped as Ships Clay, a very-fine, mixed, active, thermic Chromic Hapludert ([20], Figure 1C). The edge of the detection area transitioned into Silawa fine sandy loam (fine-loamy, siliceous, semiactive, thermic Ultic Haplustalf) to the north and east and to a Weswood silt loam (fine-silty, mixed, superactive, thermic Udifluventic Haplustpt) to the south and west (Figure 1C). The installation location of the neutron detectors had a cutoff rigidity of 4.63 GeV as calculated by the COSMOS Cutoff Rigidity Calculator (http://cosmos.hwr.arizona.edu/Util/rigidity.php, accessed 15 March 2021).




2.2. Sensors and Installation


2.2.1. Neutron Detectors


Two CRNSs using 3He-filled proportional counting tubes for neutron detection were installed. These CRNSs were manufactured by Hydroinnova LLC (Albuquerque, NM, USA) and designed to be used for both roving and stationary applications. Because these systems were designed to be used for roving applications, they have larger proportional counting tubes and thus a lower measurement uncertainty than a stationary CRNS unit [8]. The 3He-filled proportional counting tubes were housed in 3.7-cm thick high-density polyethylene (HDPE) boxes encased in a steel box for weather protection. These boxes were mounted horizontally on a stand at a height of 0.7 m above the soil surface (Figure 1B). Data loggers for each neutron detector and power supplies were mounted vertically above the neutron detectors and cumulative neutron counts were collected each hour. Due to significant periodic loss of data for one of the 3He CRNS, data from only one 3He CRNS was used for analysis.



One CRNS consisting of three Li foil multi-wire proportional counters was also installed at the site. This CRNS was manufactured by Radiation Detection Technologies, Inc. (RDT; Manhattan, KS, USA), and it is currently in a beta testing phase. Rather than 3He or BF3 gas-filled proportional counters, ultra-thin sheets of enriched Li foil are stacked with alternating anode wires between sheets inside of aluminum enclosures [11,15]. The CRNS consists of three Li foil MWPCs insulated with foam and enclosed in a single 2.5-cm thick HDPE box. These neutron detectors were mounted perpendicular to the soil surface, with the center of the detectors at a height of 0.7 m to match the height of the 3He detectors, and each MWPC was wired to a separate channel in a data logger (ZL-6, METER Group, Inc., Pullman, WA, USA). This allowed for modulation of the system in multiple configurations- one where system performance was considered as a sum of cumulative neutron counts from all three Li foil modules, and a second where cumulative neutron counts from individual Li foil modules were considered. Like the 3He detectors, cumulative neutron counts were collected hourly.




2.2.2. Atmospheric Sensors


An ATMOS 41 sensor (METER Group, Inc.) was used to collect atmospheric variables including air temperature, atmospheric pressure, vapor pressure, wind speed and direction, and precipitation at 30-min intervals. A tipping bucket rain gauge was used as a secondary precipitation measurement to supplement precipitation data measured by the ATMOS 41, and any missing measurements from the ATMOS 41 were filled using measurements from the tipping bucket gauge. Precipitation measurements were summed over one-hour intervals, while all other atmospheric measurements were averaged to one-hour intervals in order to match the measurement interval of the CRNSs during data processing.




2.2.3. Soil Moisture Sensors


To provide continuous measurements of soil volumetric water content in the area immediately surrounding the CRNSs, TEROS 12 sensors (METER Group, Inc.) were installed in duplicate (i.e., two sensors per depth) for hourly measurement of volumetric soil moisture, soil temperature, and soil electrical conductivity (EC) at depths of 5 cm, 10 cm, and 20 cm (Figure 1B). These sensors utilized the manufacturer’s calibration. Volumetric water content data from these sensors were depth-weighted for comparison with CRNS-estimated volumetric soil moisture by assuming that the mean value of the 5- and 10-cm sensors was representative of the 0–15 cm soil layer and the values reported by the 20-cm sensor were representative of the layer from 15–25 cm.



To measure the spatial variability of soil moisture at the study site and to calibrate the CRNSs, a HydroSense II handheld soil moisture probe (Campbell Scientific, Inc., Logan, UT, USA) was used to conduct four intensive soil moisture surveys (   n ¯    = 154 measurements). The HydroSense is a TDR-type sensor with 12-cm prongs for estimating soil dielectric permittivity and volumetric soil moisture near the soil surface. The sensor was calibrated using volumetric water content measurements from 5.1 cm diameter intact soil cores of 12 cm in length collected in each cardinal direction at 0 m, 50 m, 100 m, and 150 m from the neutron detectors. A calibration equation was then developed by fitting a linear regression between measured volumetric water content from soil cores and the square root of permittivity values measured by the HydroSense (Figure 2). This calibration equation resulted in an RMSE of 0.029 m3 m−3, indicating an acceptable level of calibration error. Following calibration, distance-weighted mean HydroSense measurements were used to develop a calibration equation for the CRNSs (described in Section 2.4).





2.3. CRNS Corrections


2.3.1. Correcting Raw Neutron Counts


Prior to analysis, quality control was carried out to remove outliers in raw hourly neutron count readings from both the 3He and the Li foil CRNSs caused by issues with electronics or interference during data retrieval. Outliers were identified as hourly neutron counts greater than the maximum measured hourly neutron count during the driest period of the study.



Raw neutron counts reported by the CRNSs must first be corrected based on incoming neutron intensity and atmospheric conditions that affect neutron movement near the earth’s surface, including atmospheric pressure and water vapor pressure. To account for temporal changes in atmospheric pressure, neutron counts were corrected using an exponential atmospheric pressure correction factor [8]. The atmospheric pressure correction factor was calculated using hourly atmospheric pressure measured by the ATMOS 41; a reference pressure of 100.5 kPa, which was determined based on the site elevation; and an atmospheric attenuation coefficient of 0.0075, which was selected based on similarities with sites using the same atmospheric attenuation coefficient in another study [21]. Corrections for atmospheric water vapor content were made based on an atmospheric water vapor correction factor using hourly atmospheric water vapor measurements from the ATMOS 41 [22].



Incoming neutron intensity was accounted for using a correction factor [8]. The JUNG neutron monitoring station (Jungfraujoch, Switzerland, pressure and efficiency corrected) of the Neutron Monitor Database (NMDB, https://www.nmdb.eu/, accessed 15 March 2021) (cutoff rigidity = 4.49 GeV) was used to correct hourly neutron counts for incoming neutron intensity because the JUNG station had the cutoff rigidity nearest that of the study site. The reference neutron intensity was selected as that on 3 March 2021 at midnight, the first evening of the study after CRNS installation.



Raw neutron readings from each CRNS were corrected based on the following equation [21]:


   N  c o r r   =  N  r a w        f p   f  w v      f i       



(1)




where Ncorr is the corrected neutron count, Nraw is the uncorrected neutron count logged by the CRNS, fp is the correction factor for atmospheric pressure, fwv is the correction factor for atmospheric water vapor, and fi is the correction factor for incoming neutron intensity. Corrected neutron counts were smoothed using a Savitzky-Golay filter with an 11-h window and a third-degree polynomial. This smoothing method was chosen because prior studies have indicated that it adequately preserves peaks associated with precipitation events [23].




2.3.2. Converting Neutron Counts to Volumetric Soil Water Content


Corrected neutron counts were then converted to volumetric soil water content using site-specific soil properties determined from soil samples and independent measurements of volumetric soil moisture from the intensive field surveys. An equation modified from Desilets et al. [24] was used to convert corrected neutron counts to volumetric soil water content, including corrections for lattice water content and soil organic matter [21,25]:


   θ V  =     0.0808    N   N 0    − 0.372   − 0.0115 −  w  l a t   −  w  S O M      ρ b   



(2)




where 𝜃V is neutron-derived field-scale volumetric soil water content [m3 m−3], N is the corrected neutron count, N0 is the theoretical neutron count over a dry soil, wlat is lattice water content [g g−1], wSOM is soil organic matter content expressed as a water equivalent [g g−1], and 𝜌b is bulk density [g cm−3].



Before converting smoothed, corrected neutron counts to volumetric water content, the N0 parameter in Equation (2) was defined for each neutron detector by fitting a non-linear least squares regression model to weighted volumetric water content values from the intensive field surveys and 12-h averages of unfiltered, corrected neutron counts including time before, during, and after the field surveys. The sampling strategy of the field surveys is described in the following section.





2.4. Field Surveys for Calibration


A total of four soil moisture surveys were conducted during the study period beginning on 9 April 2021, using the HydroSense II probe to collect point measurements of volumetric soil moisture within the neutron detector footprint. Measurements were taken in each cardinal direction to a distance of 150 m from the CRNSs, with a greater number of measurements near the neutron detectors (Figure 3).



From 0–10 m from the CRNSs, HydroSense readings were taken approximately every 1 m in each direction (~25% of all measurements). From 10–50 m, HydroSense readings were taken approximately every 2 m in each direction (~50% of all measurements). From 50–150 m, HydroSense readings were taken approximately every 10 m in each direction (~25% of all measurements). Overall, approximately 75% of HydroSense readings were taken within a 50-m radius of the neutron detectors during each sampling campaign, with the highest concentration of measurements in the area nearest the detectors. This sampling plan was used because the neutron detectors are especially sensitive to hydrogen sources very near the detectors themselves and less sensitive to sources at greater distances [7].



During the 9 April and 19 April sampling campaigns, a total of 21 soil cores were collected to a depth of 12 cm at 0 m, 50 m, 100 m, and 150 m in each cardinal direction from the center point between the neutron detectors. Cores were collected at each distance in the west and south directions on 19 April only due to lack of access to private land on the first sampling date. Otherwise, one sample was collected at each distance in all directions on each sampling date. Each soil core was collected at approximately the same time as the HydroSense reading was taken at the given location in order that sensor readings would correspond to sample collection for calibration of the HydroSense. Each soil core was oven dried at 105 °C for 24 h to calculate gravimetric water content and bulk density (     ρ b   ¯    = 1.20 g cm−3). Measured volumetric water content values from 16 of the soil cores were used to create a site-specific calibration of the HydroSense using a linear regression between soil core volumetric water content and HydroSense dielectric permittivity readings (Figure 2). Five cores were excluded from the HydroSense calibration procedure due to the inclusion of rock fragments or incomplete sample volumes.



Each soil sample collected was also analyzed to determine soil texture (Table 1), and composite subsamples of soil from the 50 and 100 m sampling distances were analyzed for soil organic matter (    SOM  ¯  = 2.02 %  ) and lattice water content (     w  lat    ¯    = 0.028 g g−1) to account for static pools of hydrogen within the CRNS footprint. To determine whether vegetation water content had a significant impact on neutron counts, three vegetation samples were also collected at random locations within the sensing footprint and were analyzed to determine dry above-ground biomass. These samples had an average dry above-ground biomass of 0.299 kg m−2 (𝜎 = 0.176 kg m−2). Prior work by Baatz et al. [26] has indicated that a dry above-ground biomass of ~1.0 kg m−2 should be accounted for by reducing neutron counts by 0.9%. Because dry above-ground biomass at our site was much lower than that given by Baatz et al. [26], the effect of vegetation was assumed to be negligible for our study site.




2.5. Sensing Footprint


Prior to calibration of the CRNSs, each HydroSense survey point was assigned a radial weight using a radial weighting function [7]. The weighting values, which are dependent on soil moisture and absolute humidity, were assigned based on un-weighted field-averaged volumetric water content of each intensive survey and absolute humidity during each survey. The weighted field-averaged values were then used to calibrate the CRNSs. Because the HydroSense provides a single volumetric water content value for the top 12 cm of the soil profile, no depth weighting of survey points was applied.



The effective radial sensing footprint, R86, and effective depth of measurement, D86, for each CRNS are defined as the radial distance from which 86% of detected neutrons originate and the depth from which 86% of detected neutrons originate, respectively [7]. The effective radial sensing footprint was manually computed for the time period when each HydroSense survey was performed using the weighted field-averaged volumetric water content value from the survey and the average absolute humidity measured during the survey. Theoretical maximum effective radial sensing footprints were also calculated for both CRNSs using the maximum estimated volumetric water content from each sensor during the study period and the maximum absolute humidity measured during the study period. Theoretical minimum effective radial sensing footprints were estimated in the same way using minimum volumetric water content and absolute humidity values. The effective sensing depth was computed daily for each date in the study period using mean volumetric water content estimates from each CRNS and daily mean absolute humidity values.



Analysis of CRNS, TEROS 12, and ATMOS 41 data was performed in Python using the Matplotlib, numpy, pandas and scipy packages [27,28,29,30]. Analysis and calibration of HydroSense II measurements was done using MATLAB (2021a, The MathWorks, Inc., Natick, MA, USA).





3. Results and Discussion


3.1. Field Site Characteristics


Soil cores collected at radial distances of 0 m, 50 m, 100 m, and 150 m, in each cardinal direction from the CRNSs were used to characterize the soil properties of the field. Table 1 displays soil texture analysis from soil cores collected throughout the field. Soil texture at 0 m from the CRNS was a silty clay loam (SiCL). Soil textures at 100 m from the CRNSs included clay loam (CL), silty clay loam (SiCL), and silt loam (SiL). Soil textures at 150 m from the CRNS included loamy sand (LS), sandy clay loam (SCL) and silt loam (SiL). These soil textural classes are indicative of the high level of soil texture variability of the field; measured sand contents ranged from <16% to >80% and clay contents ranging from 5% to nearly 40% (Table 1).




3.2. Calibration


Due to the high clay content of the soil at the study site, especially near the neutron detectors, it was necessary to develop a site-specific calibration of the HydroSense probe used for intensive soil moisture surveys. The square root of the apparent dielectric permittivity of the HydroSense probe was linearly related to the volumetric water content (Figure 2), with R2 = 0.645 and RMSE = 0.029 m3 m−3 for volumetric water contents ranging from 0.21 to 0.38 m3 m−3. The level of error associated with the HydroSense calibration is comparable to similar calibrations developed in prior studies (e.g., [25,31]) and is less than the value of 0.032 m3 m−3 found by Patrignani et al. [32], who used a calibrated HydroSense probe for comparison with volumetric water content estimates from the same type of Li foil neutron detector used in the present study.



Distance-weighted field-average volumetric soil moisture estimates resulting from HydroSense surveys ranged from 0.286 to 0.343 m3 m−3 and within-survey variations of weighted mean volumetric water content values ranged from 0.015 to 0.033 m3 m−3 (Table 2). The greatest variations in soil moisture measured by the HydroSense occurred near the western, northern, and eastern edges of the survey radius, where soils shifted from clay-dominated to sandy soils (Figure 1c, Table 1). This change in soil texture is clearly reflected in the HydroSense readings, with the greatest change in soil moisture levels occurring in the northernmost portion of the field where soils abruptly transition to a loamy sand with 81.5% sand content. This trend was observed in all four field surveys but is most evident during the field survey on 28 April, when high volumetric water contents were measured in the clay-dominated soils near the CRNSs. During this same survey, the surface horizon of the sand-dominated soil in the northeast portion of the field was already well drained. (Figure 3, Table 1).



Distance-weighted mean volumetric water content data from these field surveys and measured soil property information were used to develop site-specific calibrations for the CRNSs (Table 2, Figure 4). The calibrations for the Li foil and 3He CRNSs indicate a good agreement with the HydroSense surveys with R2 = 0.82 and R2 = 0.90, respectively. While the driest period of the study was well characterized by the HydroSense survey on 22 April periods of high volumetric water content immediately following precipitation events were not captured by the surveys due to accessibility issues in the heavy clay soils at the site when wet. However, the calibration points captured by the field surveys are adequate as indicated by the high coefficient of determination (R2) values for the calibrations (Figure 4). Further, it has been demonstrated that the most accurate CRNS calibrations are achieved when calibration sampling includes dry conditions, similar to those captured during the driest field survey shown here, due to the increased sensitivity of the detectors at low soil water contents ([18,33], Figure 4).



Characterizing the spatial distribution of soil moisture within the study site using intensive soil moisture surveys was especially important in this study because of the sharp soil moisture gradients caused by abrupt soil textural changes. The profile of in-situ soil moisture sensors installed near the CRNSs represent conditions only near the detectors, and indeed, point-scale soil moisture trends captured by these sensors vary substantially from those of the CRNSs, particularly during drying events; thus, these sensors did not capture the spatial variability necessary to be useful for calibration of the CRNSs. Conversely, using the HydroSense to conduct multiple, intensive field surveys allowed for faster measurement and higher spatial coverage as compared to other CRNS calibration methods such as intensive soil sampling for oven-dry determination of soil water content or installation of permanent arrays of in-situ soil moisture sensors [21,34,35]. The identification of soil and hydrologic transition zones within the field was important for understanding how variations in soil water content influenced CRNS readings, which was especially important in our study since soil water content decreased by as much as 45% from the location of the CRNSs to the edge of the sensing footprint.




3.3. Corrected Neutron Counts


The uncertainty of CRNS measurement is dependent on site and detector characteristics. The neutron count rate (N) obeys Poisson statistics where the coefficient of variation is estimated using N−0.5 [8,36]. As conditions that influence the neutron count rate change, such as soil moisture content, the measurement variation will also change. This uncertainty is also affected by the design and size of the neutron detector module and by changes in the time period over which neutron count rates are summed [8]. There is a greater uncertainty associated with corrected neutron counts for the sum of all three Li foil modules (2.65%) as compared to the 3He sensor (1.45%) (Table 3). This difference in uncertainty is due to the greater size- and therefore higher count rate- of the 3He neutron detector, which was designed for dual use as a roving and a stationary unit.



When considering a single Li foil module, the measurement uncertainty was as great as 4.76%, and measurement uncertainty decreased as the number of modules increased (Table 3). Depending on the user application, using a system with less than three Li foil neutron detectors could be acceptable. For example, in Patrignani et al. [32] uncertainty in corrected hourly neutron counts for the sum of all three Li foil neutron detectors was 2.25%, and uncertainty of a single Li foil neutron detector was 4.01%. Because of differences in site characteristics between the two studies (i.e., greater soil and atmospheric water contents), the measurement uncertainty of the Li foil CRNS was slightly higher here than in Patrignani et al. [32].




3.4. Normalized Neutron Counts


Because the 3He CRNS is designed for use as a rover, its raw neutron count rate is much higher than that of the Li foil sensor. Therefore, this study is not a comparison of two equivalent systems such as in Patrignani et al. [32]. For this reason, a comparison of normalized neutron counts between the 3He CRNS and the Li foil CRNS provides the best means of comparing the performance of the different neutron detectors used in each system.



Throughout the study, normalized neutron counts from the Li foil and 3He neutron detectors reacted similarly to changing field conditions (Figure 5). There are periods where normalized neutron counts of both CRNSs gradually increase through time until a sharp decrease. This is indicative of soil within the CRNS sensing footprint gradually drying until a precipitation event causes soil moisture to quickly increase. While the greater variation of the Li foil CRNS compared to the 3He CRNS is evident by the higher peaks and lower troughs, the response to changing field conditions (i.e., soil drying and soil wetting) is consistent between both CRNSs throughout the duration of the study.



There is a moderately strong correlation between normalized corrected neutron counts from the Li foil and 3He CRNSs (R2 = 0.72, Figure 6). As can be seen in Figure 6, the disagreement in normalized neutron counts between the two sensors is greatest during and immediately following precipitation events, when normalized neutron counts were lowest. During these times, the Li foil CRNS reported a greater response than the 3He CRNS to the increased level of water in the environment. A similar pattern was observed by Patrignani et al. [32], though to a lesser degree. The observed difference in normalized neutron counts is likely explained by the lower measurement uncertainty of the 3He CRNS as compared to that of the Li foil sensor. The measurement uncertainty is exponentially and inversely proportional to the number of neutron counts, meaning that the greater uncertainty associated with the Li foil CRNS would be most apparent at the wettest conditions, which is the case in this study.




3.5. Sensing Footprint


The heterogeneous soil near the edge of the field and the wide range of soil moisture and absolute humidity conditions throughout the study required any interpretation of our data to rely heavily on a knowledge of the range of the neutron detector’s effective horizontal sensing radius. During the study period the effective horizontal sensing radius of the CRNS varied by up to 24%. The effective horizontal sensing radius (R86) is the estimated area from which 86% of the measured neutrons are derived, and is estimated by solving the following equation numerically:


    ∫  0   R  86      W r   d r  = 0.86   ∫  0 ∞   W r   d r   








where Wr is the detected neutron intensity [7].



Based on weighted field-averaged volumetric water content measured by the CRNSs and relative humidity measurements, the maximum effective horizontal sensing radius of the neutron detectors during field surveys ranged from 135 to 154 m, indicating that our HydroSense measurements captured a comparable horizontal area and range of soil moisture conditions as the neutron detectors during the periods when surveys were conducted (Table 3). However, the effective horizontal sensing footprint likely fluctuated beyond this range, because soil moisture and absolute humidity maximum and minimums during the study period did not occur during the times when field surveys were conducted. Considering the maximum volumetric water content measured by both CRNSs and the maximum absolute humidity during the study period, which did not occur simultaneously, the minimum possible sensing footprint for both the Li foil and the 3He CRNS would have been 133 m. Considering the minimum field-average volumetric water content measured by both CRNSs and the minimum absolute humidity during the study period, which did not occur simultaneously, the maximum possible sensing footprints for the Li foil and the 3He CRNS would have been 175 m and 168 m, respectively. During wet and humid conditions, when the horizontal sensing radius was smaller, the influence of drier, sandy soils near the edge of the field on CRNS readings was likely low. Conversely, during dry conditions, when the sensing radius increased, those same soils had a greater influence on CRNS readings.



The impact of the CRNS’s larger sensing radius on soil moisture estimates becomes apparent when CRNS volumetric water content estimates are compared with the TEROS 12 volumetric water content measurements, which are representative of soil moisture levels only in the clay soil near the center of the field. During the first weeks of the study, a dry-down period occurs prior to the first precipitation event. During this period, the CRNS volumetric water content estimates are lower than the TEROS 12 depth-weighted mean volumetric water content values. This occurs because the TEROS 12 sensors are only influenced by the high clay soils directly around the sensors, which retain water longer than sandy soils, while the CRNS measurements are influenced by regions much further from the detectors, including those near the edge of the field that have higher sand contents and lower soil water contents than the center of the field (Figure 3). Because the CRNS sensing radius (R86) increases as soil water content decreases, the influence of the sandy soils near the edge of the field were more influential the drier the site became.



Like the effective sensing radius, the effective sensing depth (D86) of the CRNSs also varies depending upon the amount of water in the surrounding environment. D86 values for both CRNSs ranged from 14 cm during the wettest conditions at 150 m from the sensors to 26 cm during the driest conditions at 0 m from the sensors (Figure 7). Figure 7 shows how daily mean effective sensing depths varied with soil moisture for the Li foil and 3He CRNS at 0 m from the sensors and at 150 m from the sensors. These results indicate that the HydroSense, which had 12 cm rods, did not provide measurements to the full depth of influence for CRNS readings. However, other studies using hand-held sensors for calibration have achieved adequate calibrations sampling shallower than the sensing depth of the CRNS [25,31,32]. Our study relies on similar assumptions that the influence of soil moisture on CRNS measurements at greater depths than our field survey sampling is not significant enough to significantly influence the calibrations developed. This is supported by data from the profile of TEROS 12 sensors, which reported mean volumetric water content values during the study period of 0.319 m3 m−3 at 5 cm, 0.343 m3 m−3 at 10 cm, and 0.334 m3 m−3 at 20 cm. In fact, t-tests indicate that there was a significant difference between daily mean TEROS 12 volumetric water content measurements at 5 and 10 cm (t[58] = −3.1, p = 0.002) but not between daily mean TEROS 12 volumetric water content measurements at 10 and 20 cm (t[58] = 1.1, p = 0.294). This indicates that the majority of soil moisture variations occurred near the surface, where the effects of rainfall, soil water evaporation, and plant water uptake are most concentrated, and supports the claim that HydroSense measurements captured the majority of the soil moisture variation with depth that was also captured by the CRNSs.




3.6. CRNS-Derived Soil Moisture


The main objective of our study was to evaluate the ability of a novel Li foil CRNS to provide accurate field-scale estimates of soil moisture. The mean absolute difference (MAD) was used to quantify differences in measured and estimate volumetric water content between sensors considered in this study (Table 4). The MAD between volumetric soil moisture estimates from the Li foil CRNS and 3He CRNS was low (MAD = 0.020 m3 m−3) and comparable to the value of 0.017 m3 m−3 reported by Patrignani et al. [32] who tested the same type of Li foil CRNS used here against a BF3 CRNS. The MAD between the depth-weighted volumetric water content from the profile of TEROS 12 sensors and the 3He CRNS was 0.031 m3 m−3 and the MAD between the profile of TEROS 12 sensors and the Li foil CRNS was 0.032 m3 m−3. The lower MAD value seen between the CRNSs as compared to that found between each CRNS and the TEROS 12 sensors is to be expected due to the discrepancy between the CRNSs’ measurement radius and the much smaller measurement volume of the TEROS 12 sensors. Furthermore, the CRNSs measured unrealistically high peaks in volumetric water content (i.e., >0.50 m3 m−3) during and immediately after precipitation events (Figure 7), which is indicative of the measurement of precipitation itself and/or temporary ponding within the footprint of the CRNS. This observation is also reported by prior studies [5,8]. This overestimation of soil volumetric water content during precipitation events contributed to the greater MAD between each CRNS and the profile of TEROS 12 sensors. Regardless, the similarity in MAD between the 3He CRNS and TEROS 12 profile and between the Li foil CRNS and TEROS 12 profile provides strong evidence that the less expensive Li foil CRNS is comparable to and a viable alternative to costly 3He CRNSs.



When comparing the CRNSs’ estimates of volumetric water content, the inherent measurement uncertainty of each sensor must be considered. The 3He CRNS has a higher hourly neutron count rate than the Li foil CRNS, so the measurement precision is higher than that of the Li foil CRNS. Volumetric water content will also be less variable for the 3He CRNS than for the Li foil CRNS. The 11-h moving coefficient of variation of volumetric water content estimates is 3.8% for the 3He CRNS and 4.9% for the Li foil CRNS (Table 3). The 11-h moving coefficient of variation for soil volumetric moisture estimates from each individual Li foil modules ranges from 7.6% to 8.4% (Table 3). The difference in variation between the individual Li foil units and the sum of all three Li foil units is much greater than the difference in variation between the sum of all three Li foil units and the 3He CRNS due to the non-linear relationship between measurement uncertainty and neutron count rate (N−0.5).



It should be noted that after a rain event on 16 April, the difference in volumetric water content as measured by the CRNSs and the TEROS 12 profile is significantly greater than at any other point during the study. During the rain event on 15 April, ATMOS 41 wind measurements indicate that strong winds and heavy rain were interfering with the transducers used for wind speed measurement. Before wind speed and direction measurements went offline, the predominant wind direction was from the east. Because of the configuration of the test bed (Figure 1), a strong wind from the east during a heavy rain event would cause the 3He neutron detectors to shield the profile of TEROS 12 sensors below from precipitation falling at an ~45° angle. This shielding likely prevented precipitation from falling directly on the soil above the TEROS 12 sensors, leading to a much lower increase in soil moisture than would be expected based on a comparison of the sensors to other rainfall events of a similar magnitude (Figure 8).





4. Conclusions


In this study, we compared estimates of volumetric soil moisture derived from a novel, lower cost Li foil CRNS with those from a more expensive, commercially available 3He CRNS. We also show that this novel Li foil CRNS provides information on field-average soil moisture conditions that point estimates from in-situ sensors cannot capture. Measurements from the CRNSs agreed well, with a MAD in volumetric water content of 0.020 m3 m−3. Additionally, the sensing radius and depth of the CRNSs were similar, indicating that the less expensive Li foil detector used here is a viable alternative to currently available commercial sensors, which can cost upwards of $15,000. This lower-cost alternative, while still likely cost-prohibitive for personal use, has strong potential to improve the adoption of CRNSs for soil moisture measurement and water management applications by land managers and the scientific community.



As other studies have indicated the placement of CRNS in heterogeneous conditions must be carefully considered to capture average volumetric water content representative of the broader field conditions. In our study, the effect of soil heterogeneity near the edge of the CRNS detection area was evident throughout the entirety of the study, though to differing degrees in wet and dry conditions. However, our study only represents a portion of the temporal variability in field soil moisture conditions at this site, and the area influencing the CRNS could differ greatly throughout the year, which could affect interpretations of field-scale soil moisture dynamics.
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Figure 1. Location of study site in Brazos County, Texas, US (A), picture of installed neutron detectors and all-in-one weather station (B), and aerial image of the study location, including soil map units and their extents (C). Yellow star indicates neutron detector location and yellow circles indicate distances of 50, 100, and 150 m from the detector location. ShA = Ships clay, 0 to 1 percent slopes; WeA = Weswood silt loam, 0 to 1 percent slopes; WeC = Weswood silt loam, 1 to 5 percent slopes; Rr = Roetex clay; SmD = Silawa fine sandy loam, 5 to 8 percent slopes; SmC = Silawa fine sandy loam, 2 to 5 percent slopes; RaB = Rader fine sandy loam, 1 to 3 percent slopes. Image and soil information from NRCS Web Soil Survey [20]. 
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Figure 2. Site-specific calibration equation developed for 0–12 cm HydroSense measurements by relating measured volumetric water content (𝜃V) from intact soil cores to the square root of measured dielectric permittivity (Ka) values. 
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Figure 3. Volumetric water content (θV) as measured by the calibrated HydroSense for four intensive field surveys on 9 April 2021 (A), 19 April 2021 (B), 22 April 2021 (C), and 28 April 2021 (D). Number of measurement points (n), unweighted mean volumetric water content (     θ v   ¯   ), and distance-weighted mean volumetric water content (     θ  v _ w t    ¯    ) shown for each survey date. Initial survey on 9 April followed a different sampling scheme due to restriction of access to private land. 
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Figure 4. Calibration curve of Li foil (A) and 3He (B) CRNSs developed using distance-weighted field average volumetric water content (θV) data from four intensive field surveys. Corrected, unfiltered hourly neutron counts (Ncorr) representing a 12-h period including time before, during, and after the field surveys were used for calibration. Error bars represent the standard error of the mean. Grey points represent hourly readings from profile of TEROS 12 sensors and are included to show range of θV values but were not used to develop calibration equation. 
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Figure 5. Time series of normalized corrected neutron counts (Nnorm) of Li foil and 3He CRNSs throughout the duration of the study period. Corrected neutron counts were smoothed using a Savitzky-Golay filter (11-h window, third-degree polynomial). 
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Figure 6. Scatterplot of normalized corrected neutron counts (Nnorm) of 3He and Li foil CRNS throughout the duration of the study period. The dashed line is the 1:1 line and the solid line is the line of best fit. Corrected neutron counts were smoothed using a Savitzky-Golay filter (11-h window, third-degree polynomial). 
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Figure 7. Daily precipitation during the study period (A) and daily mean Li foil CRNS volumetric water content (θV, gray line), daily mean 3He CRNS volumetric water content (blue line), and range in effective sensing depth (D86) of Li foil (gray shaded region) and 3He (blue shaded region) CRNSs (B). The range in effective sensing depth is bounded by the effective sensing depth at 0 m (upper limit of shaded region) and 150 m (lower limit of shaded region) based on daily average volumetric water content from CRNSs and daily mean absolute humidity. 
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Figure 8. Volumetric water content (θV) estimated from Li foil and 3He CRNS measurements, profile of TEROS 12 sensors, and four intensive field surveys and precipitation throughout duration of study period. 
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Table 1. Sand and clay percentage and soil textural class of soil samples collected in the center of the field, at 100 m, and at 150 m from the neutron detectors in each cardinal direction. SiCL = city clay loam, CL = clay loam, SiL = silt loam, LS = loamy sand, SCL = sandy clay loam.
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Location

	
Sand

	
Clay

	
Textural Class




	
%

	
%

	
–






	
Center

	
18.8

	
31.2

	
SiCL




	
North 100 m

	
35.7

	
28.7

	
CL




	
East 100 m

	
25.0

	
37.5

	
CL




	
South 100 m

	
15.7

	
27.5

	
SiCL




	
West 100 m

	
16.6

	
26.9

	
SiL




	
North 150 m

	
81.5

	
5.0

	
LS




	
East 150 m

	
47.5

	
27.5

	
SCL




	
South 150 m

	
17.5

	
25.0

	
SCL




	
West 150 m

	
25

	
17.5

	
SiL
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Table 2. Number of observations (n), mean unweighted volumetric water content (     θ v   ¯    ) of HydroSense surveys, mean weighted volumetric water content (     θ  v _ w t    ¯    ) of HydroSense surveys, mean absolute humidity (    A H  ¯    ) during the time of sampling, and the effective CRNS sensing radius (R86). Standard deviations are shown in parentheses.
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Date

	
n

	
       θ v   ¯     

	
       θ  v _ w t    ¯     

	
      A H  ¯     

	
R86




	
m3 m−3

	
m3 m−3

	
g m−3

	
m






	
9 April 2021

	
141

	
0.325 (0.035)

	
0.334 (0.021)

	
16.2 (0.516)

	
140




	
19 April 2021

	
168

	
0.322 (0.029)

	
0.342 (0.015)

	
10.2 (0.348)

	
151




	
22 April 2021

	
149

	
0.286 (0.035)

	
0.288 (0.033)

	
11.0 (0.222)

	
154




	
28 April 2021

	
159

	
0.343 (0.026)

	
0.351 (0.014)

	
19.7 (0.303)

	
135
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Table 3. Mean uncorrected hourly neutron counts (     N  u n c o r r    ¯   ), mean corrected hourly neutron counts (     N  c o r r    ¯   ), device-specific calibration parameter (N0), uncertainty of corrected hourly neutron counts (N−0.5), 11-h moving coefficient of variation of volumetric water content estimated by CRNS (CV). All values represent measurements over a period of 1391 h.
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       N  u n c o r r    ¯     

	
       N  c o r r    ¯     

	
N0

	
N−0.5

	
CV




	

	
Counts h−1

	
Counts h−1

	
Counts h−1

	
%

	
%






	
Li foil 1

	
445

	
483

	
879

	
4.5

	
8.4




	
Li foil 2

	
463

	
503

	
889

	
4.5

	
7.9




	
Li foil 3

	
406

	
441

	
782

	
4.8

	
7.6




	
All Li foil

	
1315

	
1427

	
2554

	
2.6

	
4.9




	
3He

	
4360

	
4730

	
8481

	
1.5

	
3.8
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Table 4. Mean absolute difference (MAD) of volumetric water content between sensors during the study period. Volumetric water content estimates from CRNSs were calculated using corrected neutron counts smoothed with Savitsky-Golay filter (11-h window, third-degree polynomial).
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Sensors

	
MAD




	
m3 m−3






	
Li foil vs. 3He

	
0.020




	
Li foil vs. TEROS 12

	
0.032




	
3He vs. TEROS 12

	
0.031
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