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Abstract Irrigation is essential for stabilizing yields and sustaining food production, yet it faces increasing
challenges, especially in water‐scarce regions. Cosmic‐ray neutron sensors (CRNS) are a promising tool in
irrigation management as they can continuously monitor soil water content (SWC) over large areas. However,
observational studies sometimes reported inconsistent CRNS responses across different irrigation methods and
environments, limiting the broader transferability of this technique. In this study, CRNS measurements in hose
reel raingun (potato), central pivot (winter wheat), and flood irrigation (alfalfa) were evaluated, and their
interpretation was aided by neutron transport modeling. Overall, CRNS proved more consistent at estimating
field‐scale SWC than point‐scale and profile sensors. Also, replacing the conventional N0 method with the
Universal transfer solution approach substantially improved SWC estimates when this was below
0.10 cm3 cm− 3, avoiding unrealistically low values. In flood and pivot irrigation, CRNS showed clear responses
to irrigation and neutron transport simulations with the Monte Carlo code “URANOS” reproduced these
dynamics well. In contrast, hose reel raingun irrigation produced weaker responses that were less consistent
with URANOS, especially when irrigation occurred far from the CRNS, likely due to the co‐occurrence of
precipitation and the small soil volume affected by irrigation. Interestingly, a simplified analytical solution
produced results comparable to URANOS, suggesting potential for rapid applications. Overall, the combination
of CRNS measurements and neutron transport modeling proved key in interpreting CRNS observations across
irrigation systems. Increasingly integrating observations, modeling, and recent methodological advances will
likely make CRNS more transferrable, strengthening its role and adoption in irrigation management.

Plain Language Summary Efficient irrigation can be essential to ensure food production, but
managing water is becoming increasingly challenging. Conventional soil water content (SWC) sensors installed
directly in the soil can help managing irrigation, but they only capture small areas and can be influenced by local
disturbances. In this study, we tested cosmic‐ray neutron sensors (CRNS), which can continuously measure
SWC over larger areas and under different irrigation systems. We also used computer simulations and simpler
analytical models to help interpret the CRNS measurements. The CRNS sensors were generally more reliable
than conventional sensors, especially when monitoring a potato field with strong soil roughness. The CRNS
responded clearly to irrigation in flood and pivot systems, while responses were weaker under hose reel raingun,
probably because only small areas were irrigated each time. Analytical models produced similar results
compared to complex simulations, suggesting that rapid assessments of irrigation effects on CRNS are possible
without the use of extensive computing resources. Overall, combining CRNS sensors with computer
simulations provides a powerful way to better understand measurements and further support irrigation
management. With continued methodological improvements, CRNS could be applied more widely and help
farmers to increase crop productivity while contributing to sustainable agriculture.

1. Introduction
Agriculture is essential for human survival (European Commission: Directorate‐General for Research and
Innovation and Group of Chief Scientific Advisors, 2020; FAO, 2022) but faces growing challenges, including
rapid population growth and increasing dependence on irrigation (Chartzoulakis & Bertaki, 2015). The global
irrigated area has doubled since the 1960s with irrigated land currently producing about 40% of global food
(Kamali et al., 2022; Puma & Cook, 2010; Troy et al., 2015). While irrigation helped boosting yields and
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stabilizing food production, it also accounts for roughly 70% of freshwater withdrawals, half of which from non‐
renewable or non‐local sources (Rost et al., 2008; Uhlenbrook, 2019). Additionally, inefficient irrigation can lead
to water wastage, reduced yields, and soil salinization (Wichelns & Qadir, 2015), while climate change intensifies
pressure on freshwater resources (Elliott et al., 2014; IPCC, 2023; Molden, 2013; Pisinaras et al., 2021). These
issues are exacerbated in water‐scarce regions such as South and East Asia, the Middle East, Mexico, western
USA, and the Mediterranean (Bangash et al., 2013; García‐Ruiz et al., 2011; Milano et al., 2013; Van Vliet
et al., 2021). Addressing these challenges with sustainable irrigation practices and water‐saving technologies is
therefore critical (Chathuranika et al., 2022; Evans & Sadler, 2008).

One way to improve efficiency in irrigation is to accurately monitor soil water content (SWC) variations in near‐
real‐time (Abioye et al., 2020; Adeyemi et al., 2017; Vereecken et al., 2008) for accurate irrigation scheduling
management (Adeyemi et al., 2018; Dombrowski et al., 2024; Nieberding et al., 2023; Pisinaras et al., 2023;
Pramanik et al., 2022). Commonly, SWC is monitored using point‐measurement sensors, often deployed in arrays
or sensor networks to capture within‐field heterogeneity (Bogena et al., 2010; Chen et al., 2022; Majone
et al., 2013). However, their high cost and restricted spatial coverage limit their effectiveness (Barker et al., 2017;
Evett et al., 2009; Western et al., 2002). Alternatively, remote sensing can provide broader coverage without the
logistical issues of point‐scale sensors. Yet, shallow sensing depth and low temporal resolution generally
constrain its usability in irrigation (Mohanty et al., 2017; Peng et al., 2021; Wagner et al., 2007; Walker
et al., 2004). Methods that combine the strengths of both approaches are therefore needed. Cosmic‐ray neutron
sensors are a promising option, as they can bridge the gap between point‐scale and remote sensing methods
(M. Andreasen et al., 2017; M. J. Andreasen et al., 2017; Bogena et al., 2015; Franz et al., 2013; Hardie, 2020;
Heistermann et al., 2021; Zreda et al., 2012).

CRNS measure environmental neutron intensity generated by natural cosmic radiation (Köhli, 2026; Zreda
et al., 2008). As neutron intensity near the soil surface is inversely related to hydrogen abundance, CRNS provide
an indirect measure of SWC (Köhli et al., 2021; Zreda et al., 2012). To enhance sensitivity to water‐sensitive
epithermal neutrons (0.5 eV–100 keV), CRNS are equipped with a high‐density polyethylene (HDPE) moder-
ator and sometimes an additional thermal shield that limits the influence of low‐energy thermal neutrons (below
0.5 eV) (M. Andreasen et al., 2017; M. J. Andreasen et al., 2017; Desilets et al., 2010; Köhli et al., 2018; Weimar
et al., 2020). A key advantage of CRNS is the large‐scale sensing volume, or footprint, of 120–240 m radius and
15–85 cm depth (Köhli et al., 2015; Schrön et al., 2017). They also require little maintenance, provide continuous
measurements unaffected by soil chemistry (Zreda et al., 2008) or temperature (Finkenbiner et al., 2019), and can
remain in place during agricultural management (Brogi et al., 2025; Franz et al., 2016). These benefits proved
valuable beyond SWC monitoring as CRNS have been used in snow monitoring (Bogena et al., 2020; Gugerli
et al., 2019; Schattan et al., 2017), satellite product validation (Babaeian et al., 2018; Montzka et al., 2017),
hydrological and land‐surface modeling (Arnault et al., 2024; Baatz et al., 2017; Rosolem et al., 2014; Schattan
et al., 2020; Shuttleworth et al., 2013), vegetation monitoring (Brogi et al., 2025; Jakobi et al., 2018, 2022; Tian
et al., 2016), and to map large areas through roving surveys (Andreasen et al., 2023; Jakobi et al., 2020; McJannet
et al., 2017; Schrön et al., 2021).

CRNS has strong potential for irrigation management (Franz et al., 2020; Ragab et al., 2017) and has been
tested under a range of irrigation methods, including central pivot (Finkenbiner et al., 2019), variable‐rate
sprinkler line (Gianessi et al., 2022), linear move sprinklers (Baroni et al., 2018), mini‐sprinkler (Brogi
et al., 2023), and flood irrigation systems (Chen et al., 2022; Zhu et al., 2014). However, a generalized
framework for precision irrigation does not currently exist and results remain inconsistent (Brogi et al., 2023).
For example, while Han et al. (2016) reported potential of estimating SWC under drip irrigation, Li et al. (2019)
later showed at the same field site that the sensitivity of the employed CRNS was insufficient to resolve point‐
scale drip irrigation under the dominant effect of the non‐irrigated area. Other challenges include strong SWC
heterogeneity within the CRNS footprint (Schattan et al., 2019), especially with non‐radial field geometries
(Schrön et al., 2023), irrigated areas smaller than the footprint (Brogi et al., 2022), or external influences from
adjacent fields (Baroni et al., 2018).

Neutron transport models such as URANOS (Köhli et al., 2023) can help address these issues by simulating
neutron interactions within the soil–vegetation–atmosphere continuum, thereby aiding the interpretation of CRNS
data in irrigated environments. Although URANOS has been applied in over 30 studies (URANOS, 2025), only a
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few have focused on irrigation to either explain (Li et al., 2019) or improve
(Brogi et al., 2023) field‐based CRNS estimates, or to assess irrigation
feasibility and heterogeneity in synthetic experiments (Brogi et al., 2022;
Francke et al., 2025; Schrön et al., 2023). Further research is thus needed to
better understand CRNS responses under different irrigation settings. Within
this context, the goals of this study were to:

1. Evaluate the performance of different CRNS setups across three irrigation
systems and crop types in comparison to a limited number of point‐scale
sensors;

2. Assess the ability of URANOS neutron transport simulations (Köhli
et al., 2023) and of the analytical signal contribution concept (Schrön
et al., 2023) to explain CRNS observations and capture the effects of SWC
sub‐footprint heterogeneity;

3. Explore whether combining measurements and simulations can provide
key insights and improve the transferability of CRNS‐based irrigation
monitoring.

In this study, three different irrigated fields where irrigation is managed by the field owner were monitored: a
potato field in western Germany with hose reel raingun (three CRNS, six profile sensors), a winter wheat field in
eastern Germany with central pivot irrigation (one CRNS, one profile sensor), and an alfalfa field in California,
US, with flood irrigation (one CRNS, two point‐scale sensors). The five CRNS that were used are from three
manufacturers and are considered comparable in SWC estimation. Neutron transport and detection were simu-
lated with URANOS for all sites and compared with field measurements. In the potato field, an analytical signal
contribution approach was also applied and compared with URANOS results.

2. Materials and Methods
2.1. Soil Water Content Monitoring Instrumentation

2.1.1. Cosmic‐Ray Neutron Sensors

Cosmic‐ray neutron sensing (CRNS) for soil water content (SWC) monitoring is a passive technology based on
the detection of natural and omnipresent neutron radiation (Zreda et al., 2012). Neutrons produced by cosmic‐ray
particle showers in the atmosphere interact with the soil in depths of up to 1 m. Here, hydrogen atoms slow down
these neutrons and can prevent them from escaping the soil. Epithermal neutrons (from 1 eV to 100 keV) that
escape the soil will scatter horizontally across hundreds of meters (Köhli et al., 2015) and represent a proxy for
average SWC in the upper soil horizons and within hectares around the sensor. This detection method is non‐
invasive, requires low power and maintenance, and is continuous in time.

In this study, CRNS from three manufacturers were used: a) StyX Neutronica GmbH (Mannheim, Germany), b)
Hydroinnova LLC (Albuquerque, NM, USA), and c) Finapp srl (Montegrotto Terme, Italy). Instrument details
such as the thickness of the HDPE moderator are specified in Table 1. StyX Neutronica instruments (S1 and SP)
were equipped with proportional counting tubes coated with boron carbide (B4C) enriched to 96% in 10B and
serving as the neutron converter that is filled with an argon–CO2 mixture as the counting gas (Weimar
et al., 2020). These had an additional gadolinium oxide‐based (Gd2O3) thermal shield (Ney et al., 2021). The
Hydroinnova instrument (CRS 1000), instead, had Helium‐3 (3H) as detector gas in its proportional counter tubes,
which makes the system more lightweight compared to 10B detectors. The Finapp instrument (Finapp3) is more
compact than the others due to the use of a layered structure of stable lithium 6‐fluoride (6LiF) and a zinc sulphide
phosphor (ZnS:Ag) scintillator (Gianessi et al., 2022). The typical hourly count rates (Cts hr− 1) provided on the
manufacturers' websites are reported in Table 1. The count rate of the CRS 1000 was not provided by the
manufacturer's website. Thus, an estimation was obtained from an available data set in which a CRS 1000, two
SP1, and two Finapp3 were compared (data not shown). It is important to note that, as there is no common
standard for typical neutron count rates, the rates from different manufacturers in Table 1 should not be directly
compared. Also, these rates become relevant when sensors are installed in close proximity and soil moisture is
derived using a single calibration parameter (Heistermann et al., 2021), which is not the case in this study. Each

Table 1
Manufacturers, Models, and Characteristics of the Cosmic‐Ray Neutron
Sensors Used in This Study

Manufacturer Model Method Moderator Cts/h

StyX Neutronica System S1 B4C 25 mm 1,000

StyX Neutronica System SP B4C 25 mm 2,300

Finapp Finapp 3 Scintillator 15 mm 900

Hydroinnova CRS 1000 3He 25 mm 775a

aEstimated count rate, as a value is not currently provided in manufacturer's
website.
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CRNS was equipped with a logger that records neutron count rates every 15
or 20 min. Measurements were then transmitted hourly via NB‐IoT or 4G
networks.

2.1.2. Point‐Scale Soil Water Content Sensors

In this study, profile sensors from three manufacturers were used: a) Camp-
bell Scientific Inc. (Logan UT, USA), b) Sentek Pty Ltd. (Stepney, Australia),
and c) Delta‐T Devices LLC (Cambridge, UK). These consist of elongated
probes with sensing elements at fixed depths. Additionally, conventional
point‐scales sensors from Meter Group Inc. (Pullman, WA, USA) were

employed. In this case, multiple point‐scale sensors can be installed at variable depths at the same location.
Instruments used either Frequency Domain Reflectometry (FDR) or Time Domain Reflectometry (TDR) tech-
niques (see Table 2). Further details on sensor specifications and accuracy are provided in Nieberding
et al. (2023).

2.2. Investigated Fields

The three investigated fields were monitored in 2023 and are a) a potato field irrigated with continuous hose reel
raingun in Leerodt, Germany (Figure 1a), b) a winter wheat field irrigated with central pivot system in Oehna,
Germany (Figure 1b), and c) an alfalfa field in Davis, USA, where flood irrigation is performed (Figure 1c).

Table 2
Manufacturers, Models, and Characteristics of the Point‐Scale and Profile
Sensors

Manufacturer Model Type Fixed sensing depths (cm)

Sentek Pty Drill&Drop FDR 5‐15‐25‐35‐45‐55

Campbell Scientific SoilVUE10 TDR 5‐10‐20‐30‐40‐50

Delta‐T Devices PR2/6 SDI FDR 10‐20‐30‐40‐60‐100

Meter Group ECH2O EC‐5 FDR Non‐Fixed Depth

Figure 1. Overview of the three study sites in panel (a) Leerodt, (b) Oehna, and (c) Davis. The position of the Cosmic‐ray neutron sensors (CRNS) and of the co‐located
point‐scale sensors are indicated together with a 150 m radius from the CRNS and with the geometry of the irrigated areas. In the case of Leerodt, the four irrigation lines
are shown separately and named L0 to L3 with blue arrows indicating irrigation direction.
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2.2.1. Leerodt Potato Field (Hose Reel Raingun)

The Leerodt field (50.9945°N, 6.1488°E, 80 m a.s.l.) measures 14 ha (Figure 1a) and was planted with potato on
25th May and harvested on 20th October 2023. The local climate is temperate oceanic (Cfb on Koppen climate
classification), with an annual mean temperature and precipitation of approximately 10.9°C and 789 mm,
respectively. The soils are Luvic‐Stagnosols with varying gravel content above early Pleistocene river deposits.
Detailed soil information for the area is available in the German Bodenkarte 1:5000 (BK5), which was obtained as
WMS service from the Geological Survey of North‐Rhine Westphalia (NRW, 2025) and digitized using ArcGIS
version 10.7.1 (ESRI Inc., Redlands, CA, USA). From July 2023, the field was irrigated using a hose reel raingun
system operating along four lines, each 72 m wide (referred to as L‐0, L‐1, L‐2, and L‐3 in Figure 1a). Each line
was irrigated for several hours on separate, non‐consecutive days. The amount of irrigated water was recorded and
converted to millimeters using the Raindancer irrigation control device (IT‐Direkt Business Technologies GmbH,
Berlin, Germany), which was mounted directly on the raingun system.

In March 2023, electromagnetic induction (EMI) measurements of apparent electrical conductivity (ECa) were
collected to assess soil heterogeneity (Corwin & Lesch, 2003). For this, a 3‐coil CMD‐MiniExplorer and a 6‐coil
CMD‐MiniExplorer Special‐Edition (GF Instruments s.r.o., Brno, Czech Republic) were used, resulting in depths
of investigation (DOI) ranging from 0 to 270 cm (McNeill, 1980). A more in‐depth description of the mea-
surement methodology and instrumentation can be found in Appendix B as well as in von Hebel et al. (2018),
Brogi et al. (2019), Kaufmann et al. (2020), and Schmäck et al. (2022).

On 24th May 2023, immediately after sowing, three measurement locations named CRNS‐1, CRNS‐2, and
CRNS‐3 were selected (Figure 1a). At each of these locations, a Drill&Drop and a SoilVUE10 sensors were
installed above the ridges where potatoes were planted. For the Drill&Drop sensors, the “combined Sentek D&D
calibration” from the instrument manual was employed. For the SoilVUE10 sensors, a standard factory cali-
bration was used and the sensor output was subsequently related to SWC using the Topp equation (Topp
et al., 1980). Then, two StyXNeutronica S1 were installed at locations CRNS‐1 and CRNS‐3 (within L‐1 and L‐3)
and a StyX Neutronica SP was installed at location CRNS‐2 (within L‐2). The sensors were positioned away from
the center of irrigation lines to not interfere with field management. Thus, location CRNS‐1 was closer to L‐0 than
to L‐2, CRNS‐2 was closer to L‐1 than to L‐3, and CRNS‐3 was closer to L‐2 than to the field border. SWC
measurements were conducted continuously until harvest, and each location was periodically visited to observe
the conditions of the instruments. Location CRNS‐2 was additionally equipped with an ATMOS41 (METER
Group, Inc., Pullman, WA, USA) all‐in‐one weather station to record air temperature, relative humidity, and
atmospheric pressure at 2‐m height.

2.2.2. Oehna Winter Wheat Field (Pivot System)

The Oehna field (51.9234°N, 13.0351°E, 85 m a.s.l) measures 30 ha and is irrigated with central pivot sprinklers.
The climate is humid continental (Dfb), with a mean annual temperature of 9.6°C and 540 mm of annual pre-
cipitation (DWD weather station Langenlipsdorf, averaged over 1991–2020). The soil is classified as Brunic
Arenosols derived from glacial sediments, with a loamy sand texture (derived from the state's soil map BUEK300
(LBGR, 2025)). From 27th September 2022, the field was cropped with winter wheat, which was harvested on
22nd August 2023. Winter wheat was irrigated five times between 18th May and 17th June 2023, with irrigation
amounts ranging between 14 and 26 mm per event (personal communication with the farmer). In December 2021,
a CRS1000 was installed in the center of the field and nearby a PR2/6 profile probe (Figure 1b). The PR2/6
readings at each sensing depth were calibrated using the air‐water normalization procedure of Kootanoor She-
shadrivasan et al. (2025). During the winter wheat season, the PR2/6 measured SWC only at 10, 20, 30, and 40 cm
depth as the sensor rings at 60 and 100 cm had previously failed due to corrosion. Both instruments were installed
in a small, uncultivated area of a few square meters. Air temperature and relative humidity were recorded with
sensors co‐located with the CRNS and precipitation data was obtained from the DWD weather station Lan-
genlipsdorf, located approximately 4 km east of the field site.

2.2.3. Davis Alfalfa Field (Flood Irrigation)

The study site in Davis (38.5330°N, 121.7993°W, 20 m a.s.l) is a 12‐ha field of flood irrigated alfalfa crop. The
climate is typical Mediterranean (Csa), characterized by long, hot summers and mild wet winters. Average daily
temperatures vary from 33.4°C in July and 13.1°C in January while the average annual precipitation is around
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487 mm, mostly falling between mid‐November and mid‐March. The soil is predominantly Silty Clay with a
stretch of the field classified as Silty Clay Loam under the USDA soil texture classification. Generally, four to five
alfalfa cuts are performed annually. The field is divided in three sectors. After each cut, irrigation is performed via
gated pipes installed along the southern border of the field. On 24th May 2023, a Finapp3 CRNS was installed in
the center of the field. Nearby the CRNS, two ECH2O EC‐5 sensors were placed at 5 and 10 cm depths
(Figure 1c). The typical factory calibration function was used for these ECH2O EC‐5 sensors. Air temperature and
humidity were recorded with a Hygrovue10 sensor (Campbell Scientific Inc., Logan, UT, USA) while precipi-
tation was recorded with a TE525 WS‐L rain gauge tipping bucket (Campbell Scientific Inc., Logan, UT, USA).
On four days during the irrigation season, TDR measurements of SWC at the soil surface were performed within
the central portion of the field (black crosses in Figure 1c). For each measurement day, the average value of the
TDR readings was obtained.

2.3. CRNS Data Management and SWC Estimations

Measured neutron counts were processed in accordance to the method applied for most Europe‐based sensors by
following Bogena et al. (2022). Raw measurements from each CRNS were aggregated to hourly time steps and
converted to raw neutron counts per hour (Nr). After removing outliers with a max‐min filter, Nr higher (or lower)
than a 24‐hr moving average plus (or minus) twice the standard deviation of this 24‐hr moving average were also
removed. To correct Nr for environmental variables, the atmospheric pressure Cp (Desilets & Zreda, 2003), air
humidity Ch (Rosolem et al., 2013), an incoming neutron Ci (McJannet & Desilets, 2023) correction factors were
calculated at each time step using:

Cp = eß(P− P0) (1)

Ch = 1 + ah (2)

Ci = (τI/Iref + 1 − τ) (3)

where ß is the barometric coefficient, assumed to be equal to 0.0076 hPa− 1, P and P0 are the actual and reference
atmospheric pressure in hPa, a is set to 0.0054 m3 g− 1, h is the absolute humidity in g m− 3, I is the incoming count
rate measured at the Jungfraujoch neutron monitor in Switzerland, Iref is the incoming count rate at an arbitrary
time, and τ is a location‐specific scaling factor accounting for the different cosmic‐ray shielding at different places
on Earth (calculated using an online tool accessible at https://crnslab.org/util/tau.php). The Jungfraujoch neutron
monitor was used because it provides high‐quality, continuous data, is representative for Europe (McJannet &
Desilets, 2023), and has a geomagnetic cut‐off rigidity similar to that of Davis (4.13 GV). Moreover, in the Davis
case, data from three additional neutron monitors were used: Calgary (CALG), Mexico City (MXCO) and
Newark (NEWK). These factors were then used to obtain corrected neutron counts Nphi from Nr:

Nphi = Nr ∗Cp ∗Ch ∗Ci (4)

Vegetation correction was not applied because sufficiently detailed biomass information was unavailable. In
addition, some CRNS were equipped with a thermal shield to reduce the influence of nearby vegetation on the
measured count rate. Measured and corrected neutron counts were converted to SWC estimates by using two
different approaches. The first approach by Desilets et al. (2010) has been used frequently in the past, but is
known to have shortcomings for very dry conditions. In this approach, a 24‐hr running average was applied toNphi

to reduce noise and measurement uncertainty (Zreda et al., 2008). Then, SWC (θ) was estimated using:

N0 approach : θ(N) = ϱs (a0(Nphi/N0 − a1)− 1 − a2) − θoff (5)

where ϱs is the soil bulk density, parameters a0, a1, and a2 follow the values from Desilets et al. (2010), θoff is the
volumetric soil moisture equivalent of lattice water and soil organic matter (Franz et al., 2012), andN0 is the count
rate over dry soil.

The second approach utilizes the Universal Transfer Solution (UTS) by Köhli et al. (2021), which is a revised
function valid also for dry conditions, accounting explicitly for the dependence of neutron transport on absolute
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humidity. Since it already includes a more complex correction for air humidity, the previous correction approach
(Equation 2) is ignored (i.e., Npi = Nr ∗Cp ∗Ci):

UTS approach : θ(N) = f − 1 (Npi/ND,h,ϱs) − θoff (6)

where h is the absolute air humidity. For Equation 6, instead of smoothing Npi, a 24‐hr running average was
applied after conversion to SWC. The function f (θ,h) → Npi/ND is the UTS function defined in Köhli
et al. (2021) using the parameter set “mcnp drf” (for a more detailed description on applying the UTS approach
see Rasche et al. (2024)). N0 and ND are neutron scaling parameters for the two respective approaches, roughly
representing the count rate over dry soil, which mainly depends on the detector type.

2.4. Calibration of CRNS Measurements

An appropriate calibration of the neutron scaling parameters N0 and ND for each CRNS is required to obtain
accurate SWC estimates frommeasured neutron counts. For each CRNS instrument, 18 locations were selected at
distances that ranged from 2 to 120 m to account for the horizontal sensitivity of the CRNS and to better capture
SWC heterogeneity (Schrön et al., 2017). Calibration took place on 1st June 2023 in Leerodt, on 29th March 2022
and 4th May 2025 in Oehna, and on 6th September 2023 in Davis. In Leerodt, soil cores of 30 cm depth and 5 cm
diameter were collected at each location. The soil cores were divided into 5 cm long segments and oven‐dried at
105°C for 24 hr to obtain gravimetric SWC (θ) and ϱs. In Oehna, the same approach was used but, for the second
campaign, the soil sampling was partially replaced by determining depth specific soil moisture with a handheld
FDR ThetaProbe ML2x (Delta‐T Devices LLC, Cambridge, UK). A similar approach was applied in Davis by
using a TDR Fieldscout 350 (Spectrum Technologies Inc., Aurora IL, USA) at depths of 8 and 20 cm. In Leerodt
and Davis, θoff was obtained from clay content information contained in soil maps (Dong & Ochsner, 2018). In
Oehna instead, the loss‐on‐ignition method was applied to depth‐specific composite samples (Heidbüchel
et al., 2016; Scheiffele et al., 2020). In all fields, a 1% SOC content was assumed as this is generally consistent
with these areas and with agricultural management (Brogi et al., 2025).

The sensitivity of the CRNS decreases with increasing depth and distance from the sensor (Köhli et al., 2015;
Schrön et al., 2017). Therefore, a vertical and horizontal weighting and averaging were applied to θ, ϱs, and θoff
for each of the 18 locations. A detailed description of the calibration and distribution of soil samples can be found
in Schrön et al. (2017). During the calibration process, Equation 5 and Equation 6 are solved for N0 and ND
respectively, using the θ, ϱs, and θoff obtained from the soil samples. Simultaneously, the average Nphi measured
on the sampling day is used in the N0 approach while average Npi and average absolute humidity are used in the
UTS approach. For Oehna, the averages of both calibration parameters from the two available campaigns were
used.

2.5. Neutron Transport Simulations

Neutron transport simulations were performed using theMonte Carlo‐based URANOSmodel (Köhli et al., 2023),
a free software package specifically developed for CRNS studies. It offers a high computational efficiency, and
the simulation results can be tailored to a given CRNS design by using CRNS‐specific response functions in post‐
processing. In each of the three study areas, simulations featured a square domain of 1,200 × 1,200 m. The at-
mospheric layer extended from the ground to 1,000 m height while the soil layer reached up to 1.6 m depth. The
detectors (either detector voxels, or a cylindrical detector volume) were placed between 1 and 2 m above the
ground while the source layer extended between 50 and 80 m height. Each study area was divided in land use
classes by digitizing satellite images (ESRI, 2025). These classes included trees (10 m height, 3 kg m− 3 biomass),
agriculture (1 m height, 5 kg m− 3 biomass), grass (0.1 m height, 5 kg m− 3 biomass), low buildings (5 m height),
high buildings (10 m height), and bare soil. The land use polygons were then converted to raster format at
appropriate resolution using ArcGIS version 10.7.1. In each field, the URANOS results were compared with
measured neutron counts to evaluate the model ability of reconstructing measured patterns and to investigate the
sensitivity of CRNS to irrigation. This was done by estimating the percentage of variation between simulated
scenarios and by applying these variations to measured counts, starting with 100% detection for dry, initial
conditions. The relative errors of the simulations were calculated using initial and final SWC conditions as done in
(Brogi et al., 2022).
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2.5.1. Leerodt Field

URANOS (version 1.23) simulations of the Leerodt field had a horizontal resolution of 10 m, which balanced
sufficient neutron detection with computational efficiency. To represent all the three CRNS in a single simulation
run, a 10 × 10 × 1 m detector voxel was positioned at each CRNS locations (1–2 m above the ground). Given the
separate irrigation of parts of the field, a relatively complex distribution of SWC is expected in Leerodt compared
to the other study areas. Thus, a simple yet sufficiently accurate representation of SWC dynamics between dry
periods, irrigation, and precipitation was achieved by combining soil unit geometry and texture from the local
BK5 with the ECa maps recorded with EMI. Additional details on the construction of the domain are provided in
Appendix B. This procedure enabled reconstruction of SWC across the domain for six scenarios:

1. Dry conditions prior to irrigation or precipitation;
2. 25 mm irrigation of line L‐0;
3. 25 mm irrigation of line L‐1 and partial dry‐out of line L‐0;
4. 25 mm irrigation of line L‐2 and partial dry out of lines L‐0 and L‐1;
5. 25 mm irrigation of line L‐3 and partial dry out of lines L‐0, L‐1, and L‐2;
6. Wet conditions caused by 30 mm precipitation.

For each scenario, 500 million neutrons were simulated and, for neutrons passing the detector, the energy at
detection was used to reconstruct the number of detected neutrons. For this, a response function of a Boron‐lined
proportional counter tube with a 25 mm HDPE moderator and Gadolinium shield was used (Weimar et al., 2020).
Moreover, the coordinates of the first soil contact of detected neutrons were used to reconstruct the contribution to
detection of each irrigation line of the Leerodt field and of the non‐irrigated area.

In addition to URANOS simulations, estimated contributions of irrigation were calculated based on the signal
contribution concept by Schrön et al. (2023). The advantage of this analytical approach is that results can be
calculated directly without computationally expensive Monte Carlo simulations. Similarly to the case of the
URANOS simulations, the approach was used to estimate the CRNS response to irrigation in different areas of the
Leerodt field site. For this, the same domain as that of the URANOS simulations was used, although without land
use information and with a higher horizontal resolution of 1 m. The approach of Schrön et al. (2023) currently
assumes a homogeneous soil profile. To mimic the stratified soil moisture changes in such a homogeneous profile,
three separate instances were calculated using a) SWC from 0 to 30 cm depth (equal to URANOS first soil layer),
b) SWC integrated over 50 cm depth, and c) SWC integrated over 80 cm depth. The results were then compared
with those of the URANOS simulations.

2.5.2. Oehna Field

For the Oehna field, URANOS (version 1.27) simulated 300 million neutrons, had a horizontal resolution of 1 m,
and used a cylindrical detector of 9 m radius positioned at the center of the domain. Three scenarios were
constructed using SWC values for dry, irrigation, and precipitation periods, obtained from the point‐scale
measurements. The response function of a Helium‐3 proportional counter tube with 25 mm HDPE moderator
(courtesy of Daniel Rasche) was used to derive detected neutrons.

2.5.3. Davis Field

For the Davis field, URANOS (version 1.27) simulated 300 million neutrons, had a horizontal resolution of 1 m,
and used a cylindrical detector of 9 m radius at the center of the domain. Three scenarios were constructed with
SWC values for dry periods, irrigation, and irrigation of a nearby field, obtained from the point‐scale measure-
ments. Additionally, to mimic flood irrigation, a 2 cm layer of water was added on top of the irrigated field. This
water layer was not included in the nearby field as it is irrigated with a lateral move sprinklers system. Detected
neutrons were determined by using the response function of a Finapp3 sensor (courtesy of Marcello Lunardon).

3. Results and Discussion
3.1. SWC Measurements and Irrigation Monitoring With CRNS

Regarding the CRNS data management, the outliers filtering applied to measured neutron counts resulted in the
removal of 3.1%, 3.7%, and 3.6% of values in Leerodt locations CRNS‐01, CRNS‐02, and CRNS‐03,
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respectively. In Oehna, this was 2.9%, and in Davis it was 1.6%. Importantly, none of these outliers occurred
during irrigation events.

3.1.1. Leerodt Field

SWC measurements in the Leerodt field during the 2023 potato growing season are shown in Figure 2. Irrigation
was first applied to line L‐0 on July 6th, followed by L‐1 on July 12th, L‐2 on July 13th, and L‐3 on July 15th. A
second round of irrigation occurred on July 24th on L‐0 and July 26th on L‐1. Subsequent frequent rainfall
maintained relatively high SWC, and no further irrigation was required until a single event in L‐2 on August 24th.
Such a rainfall pattern was unusual for the region, where potatoes are typically irrigated in both July and August
due to limited precipitation.

Point‐scale profile measurements of SWC by Drill&Drop and SoilVUE10 sensors (Figures 2d–2i) show con-
trasting performance across the three monitored locations. At location CRNS‐1, Drill&Drop measurements
closely reflected precipitation and irrigation events, with pronounced dynamics at 5 and 15 cm and a gradual
decline at deeper depths until late July. In contrast, the SoilVUE10 frequently recorded implausibly low SWC at 5
and 10 cm, likely due to poor soil contact caused by loose ridges and erosion of the potato dams (see Appendix A).
At CRNS‐2, the Drill&Drop showed limited response to precipitation and irrigation at shallow depths, while
SoilVUE10 measurements up to 20 cm remained near 0 cm3 cm− 3, indicating generally poor soil contact for both
instruments, probably due to ridge erosion and soil shrinkage. At CRNS‐3, the Drill&Drop measurements
appeared more reliable, with consistent dynamics at shallow depths and stable SWC below 25 cm. The Soil-
VUE10 measurements below 20 cm remained stable, but shallow measurements again showed unrealistically low
values a few weeks after installation, likely due to installation issues or soil incompatibility.

CRNS measurements at the three sites using the N0 and UTS approaches are shown in Figures 2b and 2c.
Estimated SWC generally declined during early June, then increased following precipitation and irrigation events
in late June and July. From late July onward, frequent rainfall caused sharp increases in SWC, followed by gradual
dry‐down and clear responses to intense rain events in late August and September. This was particularly the case
in CRNS‐2, which show higher SWC estimates because it is located in a slight depression at the center of the field
where more water can accumulate. While estimates from the UTS approach are generally lower during wet
periods, the differences with the N0 approach are minimal, especially during the irrigation period. However, it
should be noted that SWC ranged between 0.15 and 0.20 cm 3 cm− 3 during the irrigation period, and the N0 and
UTS approaches are expected to provide similar estimates within this SWC range (Köhli et al., 2021). Each CRNS
was most responsive to irrigation within its own line, reflecting stronger sensitivity to nearby soil conditions,
although rainfall likely dampened the influence of irrigation applied to adjacent lines. Among the three in-
struments, the two‐tube CRNS at location CRNS‐2 showed the strongest responses to irrigation, likely due to both
its higher count rate and central position in the field (Figure 1a).

Overall, point‐scale measurements with soil profile sensors were strongly affected by loss of soil contact,
particularly at shallow depths (see Appendix A). At depths of 20 cm and below, SWC were generally stable,
although inconsistent readings from nearby sensors indicate that these measurements may still be somewhat
unreliable. Although frequent reinstallation could have improved soil contact, this was not feasible in the present
study. In contrast, despite their inherently lower spatial and depth resolution, the three CRNS provided continuous
and more consistent estimates of SWC, suggesting that they could be better suited for monitoring soil water
dynamics during irrigated periods for the investigated field.

3.1.2. Oehna Field

SWC measurements in the Oehna field during the 2023 winter wheat growing season are shown in Figure 3. Five
irrigation events occurred betweenMay 18th and June 17th. Then, a large precipitation event on June 22nd to 23rd
substantially increased SWC, and no further irrigation was required until harvest. The PR2/6 profile sensor
captured SWC dynamics that were consistent with the irrigation period, showing variations at 10 and 20 cm
depths and relatively stable values at 30 and 40 cm depths (lower panel in Figure 3). The intense June 22nd to 23rd
rainfall affected all measurement depths. Following this event, SWC dropped sharply at approximately 30 cm,
with implausible values near 0 cm3 cm− 3. Sensor readings appeared to have deteriorated after the intense rainfall
event, likely due to moisture entering the access tube. Although the values stabilized later in the season, complete
sensor malfunction a few months later necessitated its replacement (data not shown).
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Figure 2. Precipitation, irrigation, and soil water content (SWC) measurements in the Leerodt field. Plot (a) shows precipitation and irrigation. Plot (b) shows SWC
estimated by the three Cosmic‐ray neutron sensors (CRNS) using the N0 approach while plot (c) shows SWC estimated with the Universal Transfer Solution approach.
Throughout plots (b, c), colored areas show irrigation events with the color matching the CRNS location. SWCmeasured by the Drill&Drop and SoilVUE10 at multiple
depths is shown in plots (d, e) for location CRNS‐1, (f, g) for CRNS‐2, and (h, i) for CRNS‐3. Throughout plots (d–i), colored areas show the irrigation events that
occurred at the sensor locations.
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CRNS estimates of SWC are shown in Figure 3 (central panel). SWC was relatively high before and after the
irrigation period, and the N0 and UTS approaches produced similar estimates. However, during the drier irrigated
period, the two approaches diverged: N0‐based SWC exhibited stronger dynamics but also unrealistic low values
(even below 0 cm3 cm− 3), whereas UTS‐based SWC showed smaller, more plausible variations. The UTS es-
timates were more consistent with PR2/6 sensor measurements and with the fact that CRNS integrates SWC over
several hectares and decimeters of depth. These observations confirm the findings of Rasche et al. (2024) who
showed that the UTS approach provides more reliable estimates during dry periods, while the N0 approach likely
overestimates SWC dynamics. Overall, CRNS and point‐scale measurements were generally consistent and could
both be used to monitor soil water and inform irrigation in this field. Nonetheless, the quality of point‐scale
measurements degraded after the June 22nd—23rd rainfall, which could have posed greater challenges had it
occurred earlier or during the irrigation season.

3.1.3. Davis Field

SWC measurements in the Davis field during summer 2023 are shown in Figure 4. Five flood irrigation events
occurred between June 13th and October 21st. ECH2O EC‐5 sensors captured SWC changes primarily during
these irrigation events, while precipitation events had little effect (lower plot in Figure 4). In contrast, CRNS
measurements showed more dynamic SWC estimates (central plot in Figure 4). Both techniques were generally
consistent with distributed and averaged TDR measurements (black crosses in Figure 1c) at four dates (red points
and error bars in Figure 4), that represent the overall SWC conditions of the field at the soil surface. Nonetheless,
the CRNS showed a slightly better match, whereas point‐scale sensors underestimated SWC at times. The
generally lower dynamics observed in the ECH2O EC‐5 sensors are likely due to their placement at a single
location and under vegetation cover, which can dampen responses to rainfall and other environmental effects.
These results suggest that the CRNS provided more representative field‐scale SWC estimates. Nonetheless, both
instruments provided sufficiently reliable measurements for this field and irrigation method.

Following the irrigation event on September 13th, the CRNS recorded three consecutive SWC increases that were
not consistent with point‐scale and TDR measurements. During this period, several irrigation events were re-
ported in a nearby field approximately 100 m north of the CRNS, occurring between 15th and 30th September.
The potential influence of this adjacent irrigation is explored in the following section.

Figure 3. Precipitation, irrigation, and soil water content (SWC) measurements in the Oehna field. Top plot shows precipitation and irrigation. Central plot shows SWC
estimated by the Cosmic‐ray neutron sensors using the N0 and Universal transfer solution approach. SWCmeasured by the PR2/6 profile sensors is shown in lower plot.
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3.2. Simulation of Neutron Transport

3.2.1. Leerodt Field

Neutron counts of the three CRNS in the Leerodt field and their corresponding URANOS simulations are shown
in Figure 5. The URANOS simulations were performed using the Leerodt domain, which is based on land use,
BK5, and EMI maps. Details on the creation of this domain are provided in Appendix B.

In Figure 5, the three panels on the left illustrate the effect of a 30 mm precipitation event on 23rd June 2023. In
this case, URANOS simulations closely matched the measurements for CRNS‐1 but slightly overestimated
neutron count rates for CRNS‐2 and CRNS‐3. Overall, the agreement is satisfactory, considering the simplifi-
cations in the URANOS simulations and the smoothing applied to CRNS readings.

The right panels in Figure 5 show a 15‐day period in July 2023 when irrigation and precipitation co‐occurred. In
the figure, the color of each CRNS matches that of irrigation in the line where a CRNS was installed, while light
gray shows irrigation in line L‐0, where no CRNS was present. The first irrigation occurred on 7th July in line L‐
0 and is closely preceded by 6 mm precipitation. Given such complexity and distance from the CRNS, a com-
parison between URANOS simulations and the CRNS signals was not possible. Following a 22 and 8 mm rainfall
on 9th and 12th July, respectively, a modest 14 mm irrigation in line L‐1 had little effect on CRNS‐1, despite
agreement between simulated and measured counts after irrigation. Similarly, CRNS‐2 showed no response and
measured counts were lower than simulated, likely due to prior precipitation and the small irrigation volume,
which the URANOS scenarios of this work did not fully account for. On 14th July, 27 mm of irrigation in line L‐2
produced good agreement between simulations andmeasurements at CRNS‐2, despite prior rainfall. For CRNS‐3,
however, URANOS overestimated the effect of nearby irrigation, as measured counts remained stable. Finally,
irrigation in line L‐3 on 16th July resulted in good agreement at CRNS‐3, but for nearby CRNS‐2, measured
counts increased faster than predicted by simulations. Overall, the two‐tube CRNS‐2 appeared more sensitive
than the other sensors to both precipitation and irrigation. It also better matched URANOS simulations of irri-
gation. This is likely due to its higher count rate and central position and suggests that instruments with higher
count rates and central placement within the field may more effectively monitor irrigation under complex
environmental conditions.

The influence of nearby irrigation on neutron detection is further analyzed in Figure 6, which shows the neutron
contribution from the irrigation lines and from outside the field in dry conditions. For all three CRNS, the majority

Figure 4. Precipitation, irrigation, and soil water content (SWC) measurements in the Davis field. Top plot shows precipitation and irrigation. Central plot shows SWC
estimated by the Cosmic‐ray neutron sensors using the N0 and Universal transfer solution approaches. SWC measured by the ECH2O EC‐5 sensors is shown in the
lower plot. Red dots and error bars show the averaged Time Domain Reflectometry measurements at 4 dates (black crosses in Figure 1c).
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(around 60%) of detected neutrons originate in the irrigation line where the sensor is installed. The other irrigation
lines provide much lower contributions: around 11%–14% if the line is approximately 20 m from the CRNS and
around 4%–6% if the line is approximately 50 m away.

Next, URANOS results were compared with the analytical approach of Schrön et al. (2023), with results provided
in Table 3. This table shows the change of neutron counts following the irrigation and drying scenarios outlined in
Section 2.5.1. A positive change (“+”) indicates a percentage increase of neutrons due to drying, while “‒” in-
dicates a decrease due to nearby irrigation. The comparison is shown for the three different CRNS stations (rows)
and for subsequent irrigation events occurring in the four different irrigation lines L‐0 to L‐3 (see notations in
Figures 1a and 6). For example, irrigation of L‐3 reduces neutron counts of the most nearby sensor CRNS‐3, while
at the same time, the neutrons of sensors CRNS‐1 and CRNS‐2 decrease. This is because the drying out of the
nearby lines has stronger effect on those sensors than the irrigation of the remote line.

Figure 5. Measured neutron counts of the three Cosmic‐ray neutron sensors with corrected hourly values (gray dots), and 24‐hr rolling means (colored lines). Black dots
and error bars show the values simulated with URANOS. Dashed black lines show the simulated change in detection before and after a specific precipitation or irrigation
event. Left panels show the effect of a precipitation event on 23rd June 2023 while right panel shows the effects of the consecutive irrigation of the four irrigation lines
mixed with precipitation. As in Figure 2, precipitation events are indicated with light blue areas and irrigation is shown by areas colored according to the irrigation line:
gray for L‐0, green for L‐1 (where CRNS‐1 is located), orange for L‐2 (CRNS‐2), and blue for L‐3 (CRNS‐3).

Figure 6. Contribution to simulated signal of the irrigation lines and of the surrounding area for CRNS‐1 (left panel), CRNS‐2 (central panel), and CRNS‐3 (right panel).
Contributions are calculated for the dry scenario in URANOS and shown as percentage of neutrons that have first soil contact in each area.
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Overall, the changes in neutron counts estimated by the analytical solution
closely matched the URANOS simulations, especially considering the gen-
eral uncertainty of the URANOS results (approx. 1%) and the soil homoge-
neity assumptions of the analytical approach. Only in the case of CRNS‐3 and
irrigation in line L‐3 the discrepancy was noticeable: − 9.3% for URANOS
simulations and − 11.2% for the analytical solution. This agreement with
URANOS in a complex environment, such as irrigation of different lines,
demonstrates that the analytical solution, despite its simplified nature, is a
relatively rapid and precise approach with potential for application in com-
plex scenarios. However, it should be noted that only a soil depth of 30 cm
was considered, which corresponds to the first soil layer in the URANOS
domain. Considering deeper soils requires an integration of SWC variations
as the current version of the analytical tool only considers one homogeneous
soil layer. Additional depths of 50 and 80 cm were analyzed and generally
resulted in underestimations of irrigation effects compared to URANOS
simulations (see Appendix C). This suggests that, despite the good results of
this study, the analytical solution of Schrön et al. (2023) could benefit from
including vertical heterogeneity in SWC, particularly for small‐scale irriga-
tion studies.

Overall, Figures 5 and 6, and Table 3 demonstrate that URANOS could reproduce the effects of precipitation and
of certain irrigation events at the respective CRNS locations. However, some variations in observed neutron
counts were not fully captured, as preceding and subsequent precipitation events introduced spatio‐temporal
complexities in SWC patterns beyond the scope of the URANOS simulations. Small, simulated variations due
to irrigation in nearby lines were, in general, not observed. Many of these simulated changes were minor and
within the simulation's relative errors, making them difficult to detect under the conditions of the observation
period. In addition, the URANOS simulations considered an irrigation that rapidly changes the SWC on a given
line, while the irrigation generally took half a day or more due to the slow speed and flow of the hose reel raingun.
Moreover, since CRNS is known to have a much lower uncertainty and a higher sensitivity under very dry
conditions (below 0.15 m3 m− 3) the small simulated SWC variations could possibly be visible in dryer periods or
in more arid sites. Nevertheless, the measurement accuracy of the CRNS detectors used in this study was not
sufficient to detect most irrigation events occurring in the nearby lines. The use of detectors with higher sensitivity
may have resulted in smaller uncertainties and allowed the use of shorter integration times, thus reducing un-
certainty and rendering small SWC variations detectable.

3.2.2. Oehna Field

The results of URANOS simulations of the Oehna field are shown in Figure 7 alongside measured counts for the
period from 16th May to 28th June 2023. During this time, five irrigation events occurred, along with two small
rainfalls of 6 and 5 mm. After the irrigation period, a large precipitation event occurred on 23rd–24th June. This
precipitation event and the last irrigation on 17th June were well captured by URANOS, with simulated neutron

Table 3
Calculated Variations (in %) of Detected Neutrons Caused by Consecutive
Irrigation and Drying Events (Described in Section 2.5.1) at the Four
Irrigated Lines (L‐0 to L‐3 in Figures 1a and 6) Using Two Different
Methods: The URANOS Simulations Model and the Analytical Estimation of
Schrön et al. (2023)

CRNS Method L‐0 L‐1 L‐2 L‐3

CRNS‐3 URANOS Simulations +0.1% − 1.4% − 2.7% − 9.3%

Analytical Solution − 0.2% − 0.5% − 1.8% − 11.2%

CRNS‐2 URANOS Simulations − 0.6% − 2.5% − 11.7% +0.1%

Analytical Solution − 0.6% − 2.2% − 11.8% +1.2%

CRNS‐1 URANOS Simulations − 1.5% − 12.3% +1.3% +1.8%

Analytical Solution − 2.1% − 11.1% +1.0% +1.5%

Note. SWC changes until 30 cm depth are considered in the analytical so-
lution results. For both approaches, a relative error of approximately 1%
should be taken into consideration.

Figure 7. Measured neutron counts in Oehna with corrected hourly values (gray dots) and 24‐hr rolling mean (red line). Black dots and error bars show the values
simulated with URANOS.

Water Resources Research 10.1029/2025WR043105

BROGI ET AL. 14 of 22

 19447973, 2026, 3, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2025W

R
043105 by Forschungszentrum

 Jülich G
m

bH
 R

esearch C
enter, W

iley O
nline L

ibrary on [18/05/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



counts closely matching the observations. The relative simplicity of the investigated site also contributed to the
accuracy of the simulation as the Oehna field is relatively large and the irrigation area covers the CRNS footprint.
Overall, the results indicate that URANOS can reliably reproduce irrigation and rainfall dynamics in this field.

3.2.3. Davis Field

Figure 8 shows neutron counts measured in the Davis field together with URANOS‐simulated counts for the
period 10th–18th September 2023. The flood irrigation on 12th September was well reproduced by the simu-
lations. Later in the month, possible irrigation of a large field located about 100 m from the CRNS appears to
coincide with drops in the neutron counts on the 17th, 20th, and 25th September. According to URANOS
simulations, for this area and instrumentation, this irrigation can only result in changes below 1% of the neutron
count. While the drops shown in Figure 8 may be coherent with such changes, they are still relatively small and
the URANOS simulations had a relative error of approximately 0.5%. Thus, it cannot be excluded that the
observed drops in neutron counts originate from other sources such as limitations in the corrections that were
applied or water spilling from the nearby fields into the investigated field. To partially exclude the influence of the
incoming correction, neutron counts were additionally corrected by using neutron monitors in Calgary (CALG),
Mexico City (MXCO) and Newark (NEWK). The results of using these neutron monitors are shown in different
colors in Figure 8. Overall, for this period, limited differences emerged from using these alternative neutron
monitors and the small drops in neutron counts remained noticeable. Although these small variations cannot be
clearly attributed to nearby irrigation, URANOS accurately reproduced the direct effects of flood irrigation in the
Davis field and proved valuable for interpreting CRNS signals and investigating small events beyond the reach of
point‐scale sensors.

3.3. Limitations of This Study and Perspectives for Researchers and Stakeholders

This study combined extensive field measurements and neutron transport simulations that provided valuable
insights, yet certain limitations must be acknowledged. The URANOS simulations proved useful for reproducing
observations, but they remain a simplification of real conditions, with simplified vegetation and, in Leerodt, a
relatively low resolution of 10 m. In the Leerodt experiment, reproducing the full sequence of rainfall and irri-
gation events was not feasible, as it would have required an impractically large number of simulations. In
addition, soil erosion frequently affected the profile sensors and periodic reinstallation was not possible. Future
studies could mitigate such effects by installing sensors at greater depths and revisiting measurement sites more
regularly. Finally, some of the point‐scale instruments used generalized or factory‐provided calibrations. While
this may have slightly reduced the quality of the SWC readings, especially for the FDR sensors, this did not affect
the conclusions of this study.

Results from the Leerodt experiment (hose reel raingun irrigation) showed that CRNS may fail to detect nearby
irrigation and, in extreme cases, even irrigation at the sensor location, particularly when precipitation co‐occurred.
This may seem inconsistent with current knowledge on CRNS; however, most studies to date have focussed on
responses to natural events, such as rainfall. Irrigation presents fundamental differences, as it is generally more
susceptible to runoff and evaporation and primarily affects the topsoil, whereas CRNS integrates over deeper

Figure 8. Measured neutron counts in Davis with corrected hourly values (gray dots) and 24 hr rolling mean (lines) using four different neutron monitors. Black dots and
error bars show the values simulated with URANOS.
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layers, particularly under dry conditions. Some studies emphasized the role of vertical soil moisture profiles
(Baroni et al., 2018; Brogi et al., 2022; Scheiffele et al., 2020; Schrön et al., 2017). However, most research tends
to consider SWC heterogeneity within the CRNS footprint as a two‐dimensional problem (Brogi et al., 2023;
Rasche et al., 2021; Schrön et al., 2023). Therefore, the findings of the present study suggest that a more three‐
dimensional interpretation of SWC variations within the CRNS sensing volume is better suited to explain certain
irrigation effects. In addition, in cases where the volume of soil that is affected by irrigation is relatively small
compared to the CRNS footprint, future studies could perform comparisons not only of CRNS and point‐scale
sensors, but also of other intermediate‐scale methods such as Gamma‐Ray spectroscopy (Akter et al., 2025;
Filippucci et al., 2020; Scudiero et al., 2024; Serafini et al., 2021; Strati et al., 2018), which estimates SWC over a
smaller area compared to CRNS.

CRNS responses were more pronounced under flood and pivot irrigation, but dampened or masked under hose
reel raingun, particularly when precipitation and irrigation occurred simultaneously. Thus, although CRNS shows
potential for irrigation monitoring, it cannot yet be considered consistently effective for irrigation systems that
moisten only a small soil volume within the footprint. This does not imply that, in complex settings, CRNS offers
no advantages for sustainable irrigation practices, where the aim is to maximize yields by optimizing water
applications and root water uptake. CRNS remain well suited to monitor field‐scale water availability in the
rootzone and, in irrigation systems affecting only a small soil volume (e.g., drip irrigation), it can assess the long‐
term effectiveness of irrigation rather than monitor localized SWC variations, while point‐scale sensors are used
to capture short‐term localized effects. For example, if CRNS‐derived SWC decreases over several days while
point sensors near irrigation outlets measure consistently high values, it indicates insufficient root‐zone wetting
across the field, insufficient irrigation, and potential crop water stress despite seemingly favorable point‐scale
readings.

Finally, the potential of CRNS for operational irrigation management is not yet fully developed, which is partly
due to the method's technical complexity. While recent and upcoming developments such as the Neptoon Python
tool (Power et al., 2025) and community‐agreed standards will likely simplify CRNS use, broader CRNS adoption
will require additional support. In the authors' view, instrument manufacturers could play a decisive role by
further collaborating with the scientific community to extend their focus and integrating tools like a) URANOS
(Köhli et al., 2023), b) the simpler analytical approach of Schrön et al. (2023), c) the versatile Virtual Joint Field
Campaign framework (Francke et al., 2025), or d) the small‐field correction proposed by Brogi et al. (2023).
These tools can predict CRNS performance before installation, guide sensor selection and placement, improve
data interpretation, and ultimately enhance the transferability of the method across irrigation systems. However,
these methods are complex and may hamper easy implementation of CRNS systems for farming applications.
From this perspective, a stronger collaboration between industry and research may be useful. If manufacturers
would invest in this direction, even with simplified and instrument‐specific tools, they could provide farmers with
SWC estimates representative of the target irrigated field rather than of the entire CRNS footprint. Additionally,
pilot test fields where irrigation is optimized trough instrumentation and modeling could be used to a) assess and
streamline both CRNS and its irrigation correction methods and b) directly showcase the advantages to stake-
holders. This would increase the potential economic return for the farmer and thus the value of a CRNS device.
Ideally, this would be followed by the integration of CRNS into irrigation management services that combine
measurements and process‐based or data‐driven modeling approaches that can provide farmers with clear, easily
actionable recommendations for efficient irrigation scheduling.

4. Conclusions
This study evaluated CRNS performance under three irrigation systems: hose reel raingun (potato), central pivot
sprinklers (winter wheat), and flood irrigation (alfalfa). Compared to point‐scale and profile sensors, CRNS
provided SWC estimates that more accurately represented field‐scale dynamics and were less affected by local
disturbances such as soil erosion. Soil erosion was particularly detrimental to profile sensors, resulting in un-
realistic readings that occasionally reached 0 cm3 cm− 3 in the hose reel raingun irrigated field. CRNS effec-
tiveness in irrigation monitoring strongly depended on irrigation type. Flood irrigation produced clear responses,
while central pivot yielded somewhat dampened signals due to the greater depth over which CRNS integrates
SWC. Under hose reel raingun, where only a small portion of the footprint was wetted, CRNS responses were
sometimes weak or even absent, especially for sensors with lower count rates. The UTS approach improved SWC
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estimation at low water contents (below 0.10 cm3 cm− 3), avoiding the unrealistically low values sometimes
produced by the N0 approach, while both approaches agreed well at SWC values between 0.10 and
0.40 cm3 cm− 3.

Neutron transport simulations with the URANOS model, despite the relatively simplified representation of the
modeling domain, reproduced field observations well under flood and pivot irrigation. For the moving sprinkler
system, simulations captured precipitation effects but did not fully reproduce irrigation impacts, primarily due to
the co‐occurrence of precipitation and to the relatively small variations in simulated neutron counts (1%–2%,
which is close to the simulation uncertainty). Despite this, simulations provided valuable support for interpreting
and assessing measurements. A simpler analytical solution produced comparable results and is promising for
rapid applications, although its assumption of vertically homogeneous soils currently limits accuracy when SWC
changes are confined to shallow layers.

Overall, combining neutron transport simulations and CRNS measurements can greatly improve the interpreta-
tion of CRNS observations across irrigation systems. In addition, CRNS performance is influenced by irrigation
type and site‐specific conditions, highlighting the need for site‐specific interpretation. Wider adoption of CRNS
would benefit if manufacturers increasingly integrated neutron transport modeling tools and recent methodo-
logical advances into their systems. This would enable both researchers and other stakeholders such as farmers to
make informed decisions before CRNS deployment and to obtain SWC estimates that better reflect their site‐
specific irrigation setups and needs.

Appendix A: Loss of Soil Contact of Profile Point‐Scale Sensors
Figure A1 shows the conditions of profile point‐scale sensors in the Leerodt field on 20 September 2023. The loss
of soil contact due to erosion of the soil ridges is apparent. Moreover, the dislocation of soil from the ridge to the
alleys has modified the depth of the sensor as its top is not leveled with the soil surface like at the time of
installation.

Appendix B: Generation of URANOS Domain for Leerodt Field
Figure B1 shows some steps of the generation of the URANOS domain for the Leerodt field. The left map shows
one of the nine measured ECa maps obtained by using the 3‐coil CMD‐MiniExplorer in vertical coplanar (VCP)
configuration and the 6‐coil CMD‐MiniExplorer Special‐Edition horizontal coplanar (HCP) configuration. The
resulting DOI ranged from 0 to 89 cm for the 3‐coil device and from 0 to 270 cm for the 6‐coil device
(McNeill, 1980). Both EMI instruments were equipped with a DGPS (Trimble Inc, Westmister CO, USA) and
positioned inside custom‐made plastic sleds. These sleds were pulled by an all‐terrain vehicle at a speed of 5–
8 km/h along parallel lines, generally separated by 10 m distance. The 5 Hz measurement frequency resulted in an

Figure A1. Picture of a SoilVUE10 sensor in the Leerodt field showing loss of soil contact due to soil erosion.
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in‐line resolution of 35–45 cm. Measured ECa data was filtered to remove outliers using a min‐max filter, a
histogram filter, and a variation threshold filter (Brogi et al., 2019; von Hebel et al., 2014). Finally, interpolated
ECa maps with 2.5 m resolution were obtained by applying a Kriging approach with Gaussian semivariogram
using ArcGIS version 10.7.1. The central map in Figure B 1 shows the soil map obtained by combining the
classified EMI map with the local soil map. The right panel shows an example of the 10 m resolution domain after
rotation and with SWC distribution in the first 30 cm of soil (after irrigation in the four lines L‐0 to L‐3).

Appendix C: Effect of Considering Different Soil Depths With the Distant Area
Analytical Tool
Table C1, similarly to Table 3, shows the simulated variation in detected neutrons due to irrigation and dry out as
estimated by URANOS simulations and by the analytical solution of Schrön et al. (2023). For the analytical
solution, soil depths of 30, 50, and 80 cm are considered. The analytical solution considers a homogeneous soil
layers and, for 30 cm depth, the initial SWC values and the SWC variations were the same as in the first soil layer
of the URANOS simulations. If deeper soils are considered, initial SWC conditions and SWC variations must be

Figure B1. Generation of the URANOS domain for the Leerodt field: the left panel shows an ECa map of the investigated field (depths of investigation= 0–145 cm), the
central panel shows a soil map combining ECa‐based classification and Bk5 map soil units, and the right panel shows the distribution of soil water content in the first
30 cm of soil for a portion of the rotated domain (scenario with consecutive wetting of the four irrigation lines inside the field).

Table C1
Similarly to Table 3, Calculated Variations (in %) of Detected Neutrons Caused by Consecutive Irrigation and Drying Events (Described in Section 5.2.1) Occurring on
the Four Field Irrigated Lines (L‐0 to L‐3 in Figures 1a and 6) Using Two Different Methods: The URANOS Simulations Model and the Analytical Estimation of Schrön
et al. (2023). For the URANOS Simulations, a Relative Error of Approximately 1% Should be Taken Into Consideration

CRNS Method L‐0 L‐1 L‐2 L‐3

CRNS‐3 URANOS Simulations +0.1% − 1.4% − 2.7% − 9.3%

Analytical 30 cm − 0.2% − 0.5% − 1.8% − 11.2%

Analytical 50 cm − 0.2% − 0.4% − 1.4% − 8.1%

Analytical 80 cm − 0.1% − 0.2% − 0.9% − 4.5%

CRNS‐2 URANOS Simulations − 0.6% − 2.5% − 11.7% +0.1%

Analytical 30 cm − 0.6% − 2.2% − 11.8% +1.2%

Analytical 50 cm − 0.5% − 1.6% − 8.7% +0.7%

Analytical 80 cm − 0.3% − 1.0% − 5.9% +0.5%

CRNS‐1 URANOS Simulations − 1.5% − 12.3% +1.3% +1.8%

Analytical 30 cm − 2.1% − 11.1% +1.0% +1.5%

Analytical 50 cm − 1.5% − 8.0% +0.6% +1.0%

Analytical 80 cm − 1.1% − 5.2% +0.4% +0.7%
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integrated over multiple soil layers. In the case of the Leerodt field, this resulted in a) generally higher initial SWC
conditions and b) lower SWC variations due to irrigation. Irrigation in the Leerodt field mostly affected shallow
SWC and deeper soils generally had higher SWC than shallow soils. The consequence is that the SWC variations
fed to the analytical solution are smaller for 50 cm and even smaller for 80 cm, resulting in underestimations
compared to the URANOS simulations where multiple soil depths were considered.
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