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Abstract—In this study, the performance of a new optimized 

scintillator-based cosmic-ray neutron detector called CRNS-

FINAPP for large-scale soil moisture estimation is presented 

and discussed. The assessment is based on the comparison to two 

commercial detectors commonly used for this application at two 

experimental sites and based on independent gravimetric soil 

moisture measurements collected at one additional irrigated 

cropped field. The results showed good performance of the new 

detector at all the experimental sites, with values well in 

agreement with the different benchmarks. Thus, this new 

detector demonstrates to be a valid alternative to existing 

cosmic-ray neutron devices. Considering its lower cost and the 

smaller dimension, it opens the path to wider use of this method 

in many applications. 

Keywords—soil moisture, cosmic-ray, neutrons, agriculture, 

forest 

I. INTRODUCTION

Soil moisture is a key variable for understanding the 
hydrological processes and for supporting sustainable 
management of agricultural and forest environments [1]. 

Several sensors have been developed to estimate this 
variable [2]. In most of the cases, ground measurements are 
performed based on invasive point-scale electrical sensors. 
These sensors showed good performance in several 
applications, but they suffer from non-representativeness due 
to the inherent strong spatial heterogeneity of the soil-plant 
system. For this reason, a key challenge is to define a 
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representative position for the installation in the different 
applications [3]. Alternatively, several sensors could be 
installed but with the consequence of increased costs and 
possible disturbance of farming activities and operational 
management. 

To overcome these limitations, in the last decades, several 
geophysical non-invasive methods for soil moisture 
estimation have emerged [4]. Among them, cosmic-ray 
neutron sensing (CRNS) has shown to be a valuable method 
for estimating soil moisture non-invasively at the intermediate 
scale of hectares and a temporal resolution of hours [5]. This 
method relies on the inverse correlation between natural 
neutrons generated by cosmic-ray fluxes and the amount of 
hydrogen at the land surface. Since most of the hydrogen is 
present as soil moisture, it is shown that a neutron detector 
installed above-ground is a reliable method for non-invasive 
soil moisture estimation [6], [7]. In addition, since neutrons 
are capable to move over long distances in the air and 
penetrate some decimeters into the soil, the signal detected 
represents a footprint of several hectares and a relevant 
fraction of the soil moisture at the root zone [8]–[10]. 

This method has been now used by many research groups 
all around the world [11]. Most of the sensors currently 
employed are based on the proportional gas tubes (helium 3 or 
boron trifluoride). While they have a high sensitivity to 
neutrons, they are relatively expensive. For this reason, the 
development of alternative detectors is now under 
investigation by many research institutions and commercial 
companies [12]–[14].  

In this contribution, we show the tests conducted on a new 
CRNS detector based on scintillators called FINAPP 
(https://www.finapptech.com/en). This is a relatively low-cost 
and compacted detector for measuring thermal neutrons. The 
probe is equipped with a few centimeters of polyethylene, a 
material enriched with hydrogen that acts as a moderator 
slowing down the epithermal/fast neutrons more sensitive to 
soil moisture [9]. Further details of the assembled detector can 
be found in Stevanato et al. [15], [16]. A prototype was 
initially assessed showing good performance with the 
advantage of measuring not only neutrons but also other 
particles like muons and gamma-ray fluxes [15]. This 
prototype has been further optimized for accounting for 
temperature drift and energy consumption [16]. In this study, 
this new detector is further assessed by comparing the signal 
to the measured neutron intensities detected by commercial 
CRNS sensors commonly employed for soil moisture 
applications based on data collected at one experimental site 
in Vienna (Austria) and in Potsdam (Germany). Moreover, the 
detector is assessed based on independent soil moisture data 
collected at one irrigated cropped field close to Padova (Italy). 

II. COMPARISON BETWEEN NEUTRON DETECTORS

A. Test sites and detectors

The tests are conducted at two experimental sites (Fig. 1).
The first site is located close to Marquardt (Potsdam, 
Germany). The second one is close to Vienna (Austria). In 
both cases, the sensors are installed at a grass strip surrounded 
by cropped fields. 

In both sites, a new scintillator-based CRNS-FINAPP 
detector has been installed in April 2021. At Marquardt site, 
two additional CRNS sensors are available for comparison. 
The first sensor is a helium-3 proportional gas tube called 

CRS1000 made by Hydroinnova 
(https://hydroinnova.com/main.html). This is currently the 
most and widely adopted detector for CRNS applications. The 
second detector is a recently new developed sensor based on 
two boron trifluoride proportional gas tubes produced by 
LabC (http://lab-c.co/products/). This sensor showed a high 
sensitivity for neutron detection and promising applications 
for estimating soil moisture at sub-hourly time resolution [17]. 
At Vienna experimental site, the same CRNS-FINAPP sensor 
is compared with a boron trifluoride proportional gas tube also 
produced by Hydroinnova (version, CRS2000). 

Fig. 1. Experimental sites showing the CRNS sensors (top) at Marquardt 

site, and (bottom) at Vienna site. 

All the sensors are installed at a height of around 1.5 m 
above the ground and at less than few meters distance from 
each other. Considering the large footprint of the signal 
detected, this horizontal difference is considered negligible for 
the comparison. All the sensors are equipped with a solar 
panel and with GSM data-transmission for supporting long-
term and real-time observations. 

For the comparison of the time series, the Kling-Gupta 
efficiency metric (KGE) is used: 

𝐾𝐺𝐸 = 1 −  √(𝛽 − 1)2 + (𝛾 − 1)2 + (𝜌 − 1)2 () 

with 

𝛽 =
𝜇A

𝜇B
() 

𝛾 =
𝜎A

𝜇A

𝜇B

𝜎B
() 

𝜌 =
(A−𝜇A)(B−𝜇𝐵)

𝜎A𝜎B
() 
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with A and B the two time series to be compared.  and  

are the mean and standard deviation, respectively,  is the 

linear correlation coefficient,  represents the bias ratio and  
the relative variability. Values close to one indicate perfect 
matches between the two variables. 

B. Results

The results are presented in Fig. 2 spanning the period
May 2021 to July 2021. Specifically, pressure corrected 
neutron intensities (5) are compared. The sensors showed 
different sensitivity with averages over the period of around 
850, 1800, 1200 and 8500 neutron counts per hour (cph) for 
CRS1000, CRS2000, FINAPP and LabC, respectively. For 
this reason, the neutron intensities are also scaled to their long-
term averages for comparison. 

The results show very good correlation between the 
detected neutrons. KGE calculated over the period between 
data measured by FINAPP and the other sensors is above 0.9 
at both sites. For these reasons, the results confirm that the 
new FINAPP detector is a valid alternative to existing cosmic-
ray neutron devices that can be used in many applications for 
soil moisture estimation. 

Fig. 2. Comparison between pressure corrected epithermal neutron counts 

measured by the different detectors. The neutron counts are scaled by their 

long term mean for comparison. 

III. ASSESSMENT OF SOIL MOISTURE ESTIMATION

A. From neutron counts to soil moisture

The measured neutron count rates N are corrected for air
pressure, incoming variability and air vapor following 
standard methods [5]: 

𝑓𝑝 = 𝑁𝑟𝑎𝑤 ∙ 𝑒𝑥𝑝 (𝛽(⟨𝑝⟩ − 𝑝𝑟𝑒𝑓)) (5) 

𝑓𝑖 =
𝐼𝑟𝑒𝑓

𝐼
(6) 

𝑓𝑣 = (1 − 𝛼(⟨ℎ⟩ − ℎ𝑟𝑒𝑓)) () 

𝑁𝑐 = 𝑁 ∙ 𝑓𝑝 ∙ 𝑓𝑖 ∙ 𝑓𝑣 () 

where, h is the absolute humidity in g·m−3, I the incoming 
flux of galactic cosmic-ray, β = 0.0066, α = 0.0054, and href, 
pref  are the mean value of air humidity and pressure during the 
measuring period, respectively. Iref is the average value of the 
incoming fluctuation over a long period and depends on the 
efficiency of the station used for correction. Data of the 
incoming fluctuations can be downloaded from the following 
web-page: https://www.nmdb.eu/nest/. For the specific case 
study, data from Jungfraujoch station (Switzerland) are used 
for the correction as commonly adopted in many applications. 

Finally, corrected neutrons Nc are transformed to 
volumetric soil moisture θ based on Desilets equation [18]: 

𝜃(𝑁𝑐) = (
0.0808

𝑁𝑐
𝑁0

−0.372
− 0.115 − 𝜃𝑜𝑓𝑓𝑠𝑒𝑡) ∙

𝜌𝑏𝑑

𝜌𝑤
() 

where ρbd and ρw are respectively the soil bulk density 
(kg·m−3) and water density (kg·m−3), θoffset is the gravimetric 
water equivalent of additional hydrogen pools (e.g., lattice 
water, soil organic carbon), and N0 is the counting rate over 
dry soil. The value N0 could be calibrated based on 
independent soil sampling campaigns as suggested in different 
studies [7], [8], [19]. 

B. Agricultural field test and soil moisture observations

A FINAPP sensor has also been installed at an irrigated
cropped field at Ceregnano, close to Padova (Italy) in March 
2021 (Fig. 3). The system has been further integrated with air 
temperature and humidity sensors for retrieving local and 
representative data for the atmospheric correction (7). 

Fig. 3. Ceregnano experimental site, with (above) CRNS-FINAPP and 

(bottom) soil sampling locations and CRNS footprint (150 m radius). 

https://www.nmdb.eu/nest/


Two soil sampling campaigns have been conducted on 
March 10th 2021 and on May 31st 2021, respectively. The data 
collected during the first campaign has been used for the 
calibration of the parameter N0 in (9). The data collected 
during the second campaign are used for the assessment. In 
each campaign, undisturbed soil samples have been collected 
at four depths (0-5 cm, 10-15 cm, 20-25 cm and 30-35 cm) 
and at 18 locations as shown in figure 3. These locations are 
selected to address the spatial sensitivity of the detected signal 
and they represent the current standard for the calibration 
process [8]. Soil water content of each soil sample has been 
measured based on the gravimetric method (i.e., oven dry soil 
at 105° Celsius for 24/48 hours to a constant soil weight). A 
composite sample is also analyzed for the assessment of soil 
texture, soil organic carbon SOC and lattice water LW. These 
last two parameters have been calculated by loss-on-ignition 
method at 400 ˚C and 1000 ˚C, respectively [20]. These two 
values are summed up to the soil moisture (θoffset) in (9). 

C. Results 

Analyses performed on the soil samples are shown in 
Table I. The analyses indicate a silt loam soil with a high value 
of soil organic carbon as typically detected in the region. 
Average volumetric soil moisture at the two soil campaigns is 
comparable with values around 0.22 [m3 m-3] and relatively 
high spatial variability (standard deviation up to 0.04 [m3 m-

3]). As previously indicated, the value obtained during the first 
campaign is used for the calibration of the parameter N0 in (9). 
The value measured during the second campaign is considered 
for the assessment. 

TABLE I.  CEREGNANO SITE SOIL PARAMETERS  

Soil analyses 

Variable 

Mean 

(standard 

deviation) 

Soil organic carbon SOC [g/g] 0.036 

Lattice water LW [g/g] 0.076 

Soil texture silt loam 

Average soil moisture on 10/03/2021 [m3 m-3] 0.23 (0.03) 

Average soil moisture on 31/05/2021 [m3 m-3] 0.21 (0.04) 

calibrated No based on 1st campaign [cph] 1468 

 

Soil moisture estimated by CRNS-FINAPP is shown in 
Fig. 4. The results show a consistent soil moisture dynamic 
well in agreement with precipitation events. The comparison 
with soil moisture measured during the second soil sampling 
campaign is also in very good agreement. For these reasons, 
the analysis suggests that CRNS-FINAPP is a reliable method 
for non-invasive soil moisture estimation over large areas. 

IV. CONCLUSIONS 

This study presents the assessment of a new soil moisture 
sensor based on cosmic-ray neutrons. The detector called 
CRNS-FINAPP is based on scintillators, and it provides a 
relatively lower-cost and compact alternative to current 
detectors currently available on the market. 

The results show that the data collected at two 
experimental sites are in good agreement with more 
commonly used CRNS sensors for soil hydrological 
applications. The assessment conducted at an irrigated 

cropped field based on independent soil moisture values 
confirms the reliability of the method for detecting field scale 
soil moisture. Further analyses will be performed based on 
additional assessments at different experimental sites. The 
value of additional particles like muons and gamma-ray fluxes 
simultaneously detected by the sensor will be also further 
explored for improving incoming correction [21], [22] and 
detecting soil moisture at a smaller scale [23], respectively.   

Overall, this study shows that current developments in 
sensors technology are boosting cosmic-ray neutron methods 
for hydrological applications, and it can open the path to a 
wide number of users and opportunities by increasing its 
robustness while lowering its costs. 

Fig. 4. Time series recorded at Ceregnano experimental site (Italy). (above) 

precipitation and (below) soil moisture estimated by CRNS. Red dots 

indicate arithmetic average soil moisture measured during the two soil 

sampling campaigns. 
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