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Abstract. Accurate soil moisture (SM) monitoring is key in
irrigation as it can greatly improve water use efficiency. Re-
cently, cosmic-ray neutron sensors (CRNSs) have been rec-
ognized as a promising tool in SM monitoring due to their
large footprint of several hectares. CRNSs also have great
potential for irrigation applications, but few studies have in-
vestigated whether irrigation monitoring with CRNSs is fea-
sible, especially for irrigated fields with a size smaller than
the CRNS footprint. Therefore, the aim of this study is to
use Monte Carlo simulations to investigate the feasibility of
monitoring irrigation with CRNSs. This was achieved by
simulating irrigation scenarios with different field dimen-
sions (from 0.5 to 8 ha) and SM variations between 0.05 and
0.50 cm3 cm−3. Moreover, the energy-dependent response
functions of eight moderators with different high-density
polyethylene (HDPE) thickness or additional gadolinium
thermal shielding were investigated. It was found that a con-
siderable part of the neutrons that contribute to the CRNS
footprint can originate outside an irrigated field, which is
a challenge for irrigation monitoring with CRNSs. The use
of thin HDPE moderators (e.g. 5 mm) generally resulted in
a smaller footprint and thus stronger contributions from the
irrigated area. However, a thicker 25 mm HDPE moderator
with gadolinium shielding improved SM monitoring in irri-
gated fields due to a higher sensitivity of neutron counts with
changing SM. This moderator and shielding set-up provided
the highest chance of detecting irrigation events, especially
when the initial SM was relatively low. However, variations
in SM outside a 0.5 or 1 ha irrigated field (e.g. due to irri-
gation of neighbouring fields) can affect the count rate more
than SM variations due to irrigation. This suggests the impor-

tance of retrieving SM data from the surrounding of a target
field to obtain more meaningful information for supporting
irrigation management, especially for small irrigated fields.

1 Introduction

A reduction in soil moisture (SM) availability can nega-
tively affect crop health, which is why irrigation is often em-
ployed to prevent yield reduction and crop failure connected
to droughts and heat waves (Kukal and Irmak, 2019; Siebert
et al., 2017; Tack et al., 2017; Webber et al., 2016; Zaveri
and Lobell, 2019). Worldwide, ∼ 25 % of the cropped land
is irrigated (Rost et al., 2008) to increase food production
and stabilize yields, especially in arid and semiarid regions
(Kamali et al., 2022; Troy et al., 2015). It is predicted that
water scarcity will be a key challenge in ensuring food secu-
rity in light of expected climate change (Elliott et al., 2014;
Molden, 2013; Pisinaras et al., 2021). To meet this chal-
lenge, improvement of water use efficiency in irrigation is
crucial (Abioye et al., 2020; Adeyemi et al., 2017). This can
be achieved, for example, through an accurate monitoring of
SM in space and time (Vereecken et al., 2008). Sensors that
monitor SM variations are generally either large-scale remote
sensing techniques that only sense shallow soil depths and
are strongly influenced by vegetation and surface roughness
(Bogena et al., 2010; Wagner et al., 2007; Walker et al., 2004)
or point-scale instruments that only offer local information
(Mohanty et al., 2017). Recently, cosmic-ray neutron sensors
(CRNSs) have been identified as a promising method to close
the gap between point- and large-scale measurements of SM
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due to their large footprint of tens of hectares (Bogena et al.,
2015; Heistermann et al., 2021).

CRNSs detect neutrons that are produced by natural cos-
mic radiation. The number of epithermal neutrons is known
to be negatively correlated with the abundance of hydrogen
atoms near the soil surface, and thus with the SM near the
CRNS (Desilets et al., 2010; Köhli et al., 2021; Zreda et al.,
2008, 2012). CRNSs are not only sensitive to SM but also
to snow cover (Bogena et al., 2020; Schattan et al., 2017)
and, to a generally lesser degree, vegetation (Baatz et al.,
2015), atmospheric water vapour (Rosolem et al., 2013), and
intercepted water in the canopy and lattice water (Bogena
et al., 2013). The accuracy of CRNS-based SM estimates
is thus affected by environmental conditions. For example,
the environmental neutron density and thus the count rate are
higher for dry soils, which results in more accurate measure-
ments compared to wet soils (Bogena et al., 2013; Desilets
et al., 2010). Instrument design and set-up can also affect
the accuracy of CRNS measurements of SM. Recent sen-
sor developments have focused, for example, on enhancing
neutron count rates to obtain a higher temporal resolution
for SM estimation. This can be achieved with larger sen-
sors or by using multiple counter tubes (Chrisman and Zreda,
2013; Schrön et al., 2018b). Additionally, neutrons detected
by CRNSs are generally in the thermal (below 0.5 eV) or
epithermal (0.5 eV to 0.5 MeV) energy regime (Weimar et
al., 2020), with the former having smaller footprint and pen-
etration depth as well as different sensitivity to SM and
biomass (Jakobi et al., 2021, 2022). To enhance the detection
of epithermal neutrons, the energy sensitivity (i.e. energy-
dependent response function) of a CRNS (Köhli et al., 2021)
can be shifted towards the epithermal energy range by using
a high-density polyethylene (HDPE) moderator (Desilets et
al., 2010; Weimar et al., 2020). In addition, a gadolinium-
based (Ney et al., 2021) or cadmium-based (Andreasen et
al., 2016) shielding can be used to prevent the detection of
thermal neutrons (Desilets et al., 2010).

A CRNS provides SM information for an area of sev-
eral tens of hectares and tens of centimetres deep into the
soil (Köhli et al., 2015). Compared to point-scale SM mon-
itoring sensors, a CRNS is non-invasive, offers passive and
continuous measurements with relatively high temporal res-
olution, requires low maintenance (Schrön et al., 2018b),
and is invariant to certain environmental variables such as
soil temperature (Finkenbiner et al., 2019). In the context
of agricultural applications, a CRNS can be placed in be-
tween or out of the way of routine production practices. It
consequently does not present the logistic challenges associ-
ated with networks of directly inserted sensors, which need
to be removed and reinstalled during harvest, planting, and
other management actions (Franz et al., 2016). CRNS appli-
cations have increased rapidly in recent years, including val-
idation of satellite-based remote sensing products (Montzka
et al., 2017) and improvement of hydrological and land-
surface model predictions (Baatz et al., 2017; Shuttleworth

et al., 2013) among many other applications. In the upcom-
ing years, additional coverage, real-time data availability, and
rover-based measurements are expected to further increase
the use of CRNSs (Dong et al., 2014; Jakobi et al., 2020), for
example to study prolonged droughts or flood events (Bo-
gena et al., 2022).

Cosmic-ray neutron sensing has shown potential for moni-
toring and informing irrigation (Franz et al., 2020). However,
the most accurate results are obtained in environments where
SM within the footprint is rather homogeneous (Schrön et al.,
2017). Although Franz et al. (2013) indicated a rather small
effect of horizontal SM heterogeneity on CRNS measure-
ments under natural conditions, individual areas with con-
trasting SM can be wrongly represented by a single CRNS
(Badiee et al., 2021; Schattan et al., 2019; Schrön et al.,
2018a). Sub-footprint heterogeneity can be reconstructed us-
ing multiple instruments, but this comes with increased costs
and necessitates further assumptions regarding spatial conti-
nuity (Heistermann et al., 2021). As a result, it can be diffi-
cult to distinguish local SM variations (Francke et al., 2022),
such as the difference between the SM in a small irrigated
field and its surroundings. Despite such limitations, Ragab et
al. (2017) reported that CRNS measurements were useful for
monitoring soil moisture deficit in the root zone, and Finken-
biner et al. (2019) found that information obtained from com-
bined CRNS measurements and electrical conductivity sur-
veys could improve water use efficiency in a field irrigated
with a centre pivot system in Nebraska (USA). In addition,
Baroni et al. (2018) reported a clear response of CRNSs to
irrigation, although quantification of single irrigation events
was not possible due to effects of precipitation and irrigation
of nearby fields. In the case of drip irrigation, where the irri-
gated area is only a small portion of the volume sensed by the
CRNS, the detection of irrigation-related SM variations can
be more challenging. Li et al. (2019) were not able to accu-
rately monitor drip irrigation with a standard CRNS in a cit-
rus orchard in Spain. This was a consequence of the relatively
small area wetted by drip irrigation, which resulted in a small
mean SM change in the instrument footprint. However, bet-
ter results could be achieved in irrigated fields with a larger
wetted area, in drier regions, and for longer and more in-
tense irrigation periods as well as by using instruments with
higher count rates. These previous studies highlight that it
is currently not clear if CRNSs can be used as an accurate
stand-alone tool in irrigation management. In particular, the
effects of the dimension of the irrigated area, SM variation
due to irrigation, and the design of the sensor are largely un-
addressed.

Within this context, the aim of this study is to analyse the
feasibility of CRNS-based SM monitoring in irrigated envi-
ronments. To achieve this, neutron transport and detection in
irrigated environments was investigated with physics-based
Monte Carlo simulations. These are widely used in CRNS
studies (Andreasen et al., 2016) that are focused on, for ex-
ample, the description of the footprint characteristics (Zreda
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et al., 2008) and the local site arrangement and instrument
calibration strategies (Desilets and Zreda, 2013; Schrön et
al., 2017). In this study, the Ultra Rapid Adaptable Neutron-
Only Simulation (URANOS) model developed by Köhli et
al. (2015) was used. Simulations were performed for five
different dimensions of irrigated areas (i.e. 0.5, 1, 2, 4, and
8 ha) and SM variations between 0.05 and 0.50 cm3 cm−3

both within and outside the irrigated area. To evaluate how
detector design can help to improve irrigation monitoring,
the energy-dependent response functions of eight different
moderators were also considered. The analysis of this set of
Monte Carlo simulations allowed us to investigate the effect
of different moderators, dimensions of the irrigated area, and
SM variations inside and outside the irrigated area on CRNS-
based irrigation monitoring.

2 Materials and methods

2.1 Soil moisture monitoring with CRNSs

CRNSs measure SM by detecting the environmental neutron
density produced by cosmic radiation, which is inversely re-
lated to below- and aboveground hydrogen pools that sur-
round the sensor. These environmental neutrons have differ-
ent energies depending on the number and type of interac-
tions that have occurred. Primary cosmic rays with energies
around 1 GeV generate high-energy (larger than 20 MeV)
neutrons in the atmosphere. By interacting with heavy atoms,
these neutrons lose energy and become fast neutrons (0.5 to
20 MeV). The energy of these fast neutrons is further reduced
by elastic collisions with lighter atoms (generally hydrogen),
first to the epithermal regime (0.5 eV to 0.5 MeV) and fi-
nally to a thermal equilibrium (below 0.5 eV). CRNSs typ-
ically measure neutrons in the thermal to fast energy regimes
(Köhli et al., 2021; Weimar et al., 2020). The measured neu-
tron flux is affected by multiple hydrogen pools, such as soil
water, water bodies, lattice water, and biomass. Typically,
the CRNS signal is mainly controlled by SM variations, but
the additional hydrogen pools can strongly influence the ac-
curacy of the SM estimates (Baatz et al., 2015; Baroni et
al., 2018; Iwema et al., 2021; Jakobi et al., 2020; Zreda et
al., 2012). Generally, a CRNS is composed of one or more
neutron detectors that can be bare (thermal–epithermal neu-
tron detection) or moderated with HDPE (epithermal to fast
neutron detection). More detailed information on the main
detector components and physics can be found in Zreda et
al. (2012), Schrön et al. (2018b), and Weimar et al. (2020).

2.2 CRNS footprint and penetration depth

The quantitative description of the horizontal area over which
a CRNS measures is named “footprint”. Detected neutrons
that had no contact with the ground (non-albedo neutrons)
are, by definition, excluded from the footprint calculation.
Thus, the footprint only depends on detected neutrons that

had contact with the ground (albedo neutrons). Since CRNSs
cannot detect the origin of a neutron and whether it had con-
tact with soil nuclei, the footprint is generally obtained via
neutron transport simulations. Although some studies sug-
gested an asymmetric or “amoeba-like” footprint (Schattan
et al., 2019; Schrön et al., 2022), most studies assume a
simplified circular footprint that depends on the Euclidean
distance between the points where neutrons had first con-
tact with the ground and the point of detection. A quantile
definition is widely used to define a distance within which
most detected neutrons originate (Desilets and Zreda, 2013;
Zreda et al., 2008). Commonly used radii are the one e-
folding length (∼ 63 % of neutrons) and the two e-folding
lengths (∼ 86 % of neutrons). The footprint varies depending
on environmental conditions and instrument characteristics
(Schrön et al., 2017). Monte Carlo simulations showed that
the two e-folding lengths (R86) are∼ 240 m in fully dry con-
ditions and are reduced by up to 40 % with increasing SM
and, to a lesser degree, with variations in humidity, vegeta-
tion, and other environmental variables (Köhli et al., 2015).
The penetration depth of a CRNS also depends on SM and is
higher below the instrument, where it ranges between 83 and
∼ 15 cm (Köhli et al., 2015) depending on SM. The charac-
terization of the CRNS support volume in terms of footprint
and measurement depth is a complex and ongoing research
subject (Schrön et al., 2022), as shown by a range of recent
simulation and field studies that further investigated the spa-
tial sensitivity of SM determined with CRNSs (Badiee et al.,
2021; Francke et al., 2022; Schrön et al., 2017) as well as the
footprint of thermal neutrons (Jakobi et al., 2021).

2.3 Neutron transport modelling with URANOS

The URANOS model, which is freely available online (http:
//www.ufz.de/uranos, last access: 10 November 2022), was
used in this study. This model was first developed to ad-
dress neutron-only interactions and was later adapted to the
cosmic-ray neutron problem (Köhli et al., 2015). URANOS
is based on a Monte Carlo approach for the simulation of
neutron transport and interactions with matter (Köhli et al.,
2018). It is tailored to the study of neutron transport in
environmental science, and thus certain processes such as
gamma cascades or fission are neglected or represented by
effective models. This reduces the computational effort and
generally allows the simulation of a larger number of neu-
trons, which results in more accurate simulations (Köhli et
al., 2015). In URANOS, neutrons are emitted from point
sources that are randomly distributed within a user-defined
source layer with energies sampled from a realistic spectrum
matching that of the Earth’s atmosphere (Sato, 2015). Then,
URANOS uses a standard calculation routine that features
a ray-casting algorithm for single neutron propagation and
tracks the relevant physical interactions for millions of neu-
trons (e.g. elastic collisions, inelastic collisions, absorption,
and emission processes such as evaporation). URANOS fol-

https://doi.org/10.5194/gi-11-451-2022 Geosci. Instrum. Method. Data Syst., 11, 451–469, 2022

http://www.ufz.de/uranos
http://www.ufz.de/uranos


454 C. Brogi et al.: Feasibility of irrigation monitoring with cosmic-ray neutron sensors

lows the ENDF (Evaluated Nuclear Data File) database stan-
dard implementations from Romano and Forget (2013) with
cross-sections, energy distributions, and angular distributions
obtained from the datasets of Chadwick et al. (2011) and Shi-
bata et al. (2011).

2.4 Simulation set-up

The model domain in URANOS was composed of six (or
seven) layers: one (or two) soil and five atmospheric lay-
ers. The soil layer extended to 1.6 m depth. The atmospheric
layers extended from the soil surface to 1000 m height. The
thickness of the five layers was 2, 0.5, 47.5, 30, and 920 m
from the bottom to the top layer. The fourth layer was the
source layer (from 50 to 80 m above the soil surface, re-
spectively). The pressure of the atmosphere and of the air
in the porous media was set to 1020 hPa. A humidity of
3 g cm−3 and a composition of 78 % nitrogen, 21 % oxygen,
and 1 % argon were assumed. The soil bulk density was set
to 1.43 g cm−3, and the porosity was set to 50 %.

The simulation domain was 1200×1200 m (144 ha) with a
resolution of 1 m. It was divided into two areas: (a) a square
area at the centre of the domain with five different dimen-
sions (i.e. 0.5, 1, 2, 4, and 8 ha) and (b) the surrounding
area. The SM in the inner and in the outer areas was mod-
ified independently with increments of 0.05 cm3 cm−3. Ad-
ditionally, a 1 ha circular area and a 1 ha rectangular area
(142× 70 m) were simulated with SM variations in the in-
ner area from 0.05 to 0.35 cm3 cm−3. These SM variations
were applied homogeneously (both vertically and horizon-
tally) within each area. Finally, for a 1 ha square inner area,
simulations with two soil layers were produced, where the
SM variation was applied only in the top 10 cm or 30 cm of
soil. As in the previous circular and rectangular area scenar-
ios, SM in the inner area varied from 0.05 to 0.35 cm3 cm−3.
Figure 1 conceptually describes the simulation strategy tak-
ing the 8 ha scenario as an example. A first simulation is per-
formed with a uniform SM of 0.05 cm3 cm−3 in both inner
and outer areas. Then, the SM is varied either in the inner
area, the outer area, or both areas. This results in 100 simula-
tions with different SM combinations for each scenario and
a total of 500 simulations. For each simulation, 108 neutrons
were used as this provided sufficient precision and a reason-
able computation time (Köhli et al., 2015).

2.5 Investigated moderators and their
energy-dependent response functions

Each simulation provided information on the simulated neu-
trons that crossed the detector at the centre of the domain
(e.g. energy at detection, coordinates of first soil contact).
The detector was a vertical cylinder of 9 m radius positioned
in the second atmospheric layer (2 to 2.5 m aboveground)
and at the centre of the simulation domain. However, not
all neutrons that pass through the detector tube are detected,

whereby the probability of detection depends on neutron en-
ergy and direction, as well as on sensor characteristics such
as the used conversion gas, geometrical configuration, and
moderator type (Köhli et al., 2018). Different moderators are
commercially available and are typically made of HDPE of
various thicknesses. In this study, we investigated the use of
5, 10, 15, 20, 25, 30, and 35 mm HDPE moderators. Further-
more, an additional gadolinium oxide (Gd2O3) shield was
investigated for a moderator composed of 25 mm HDPE.
As was proposed by Desilets et al. (2010), a 25 mm HDPE
moderator thickness was selected for the detector shielded
with gadolinium. This is supported by Weimar et al. (2020),
who found only small differences in response for moderator
thicknesses of 20 to 27.5 mm HDPE with gadolinium shield-
ing. Thus, the combination of gadolinium shielding with
other moderator thicknesses was not considered. The energy-
dependent response functions of the investigated modera-
tors as reported by Köhli et al. (2018) are shown in Fig. 2.
Detectors with thin HDPE moderators (e.g. 5 mm HDPE)
are highly sensitive to thermal neutrons, while detectors
with thicker moderators have a higher sensitivity to epither-
mal neutrons. The 25 mm HDPE moderator with gadolinium
shielding has similar sensitivity to epithermal neutrons as
the non-shielded variant but shows less sensitivity to thermal
neutrons (Köhli et al., 2018; Weimar et al., 2020). In fact,
such shielding can absorb and thus prevent the detection of
more than 90 % of the incoming thermal neutrons (Ney et
al., 2021), which have a smaller footprint and different sen-
sitivity to SM than epithermal neutrons (Jakobi et al., 2021;
Jakobi et al., 2022; Rasche et al., 2021). A cubic spline of
each response function was applied to the output of each sim-
ulation, and a weight was assigned to each neutron depending
on its energy at detection. Then, these weights were summed
to obtain the number of detected neutrons and subsequently
used in a weighted calculation of the R86. The effect of the
angular distribution of the neutrons was not considered here
as it was assumed to be negligible, which is reasonable given
the absence of changes (e.g. vegetation, atmospheric pres-
sure, humidity) in the vicinity of the detector.

2.6 Investigation of the feasibility of irrigation
monitoring with CRNSs

The changes in R86 due to SM variations in the inner and
outer areas as well as the use of different moderators were
analysed. Although a footprint description that relies on a
single value can be misleading (Badiee et al., 2021; Schrön
et al., 2022), the R86 represents a standard in CRNS ap-
plications and was thus selected to investigate the simula-
tions of this study. Here, the initial hypothesis is that a rela-
tively small R86 is beneficial when monitoring irrigation in
small fields as a lower contribution from the surrounding area
could be expected. To analyse the Monte Carlo simulation
runs, the detected neutrons in each simulation were divided
into two types: albedo and non-albedo neutrons. Albedo neu-
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Figure 1. Examples of the dimensions of the inner area relative to the simulation domain and schematization of the simulation design and
set-up with an example for the 8 ha scenario. A 1200× 1200 m domain is used with an inner area of 8 ha and a CRNS placed at its centre.
The SM is then systematically varied in the inner and outer area with increments of 0.05 cm3 cm−3 for a total of 100 simulations.

Figure 2. Energy-dependent response functions of different moderators made of 5 to 35 mm thick high-density polyethylene (HDPE) and, in
the case of 25 mm HDPE, an additional gadolinium-based thermal shielding.

trons carry environmental SM information and were further
divided into neutrons that originated within the inner area
and neutrons that originated in the outer area. Here, it was
assumed that the neutrons that originate within the inner ir-
rigated field carry the bulk of the information of interest.
Although neutrons that originate outside the irrigated field

can have occasional within-field interactions before reach-
ing the CRNS (Köhli et al., 2015), these were considered of
secondary importance for the scope of this study. In a fol-
lowing step, the relative changes in detected neutrons with
SM variations were investigated. For a given dimension of
the inner area, moderator type, and SM of the outer area (10
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Figure 3. Boxplots of R86 in metres for different moderator types and size of the inner area, i.e. (a) 0.5, (b) 1, (c) 2, (d) 4, and (e) 8 ha.
Each boxplot refers to one moderator type (100 combinations of SM) and shows the minimum and maximum values with whisker caps, the
interquartile range with bars, and the median with a black line. Blue and red triangles show R86 values for homogeneous SM of 0.05 and
0.50 cm3 cm−3, respectively.

simulations), the highest simulated neutron count was set to
100 %. Then, the results of the other nine simulations were
scaled to that count rate. The influence of the moderator type,
the dimension of the irrigated area, and the SM in the outer
area were then compared. Here, larger changes in detected
neutrons were considered beneficial as this leads to higher
accuracy of the SM estimates.

Next, the sensitivity to irrigation events was assessed in
more detail for the moderator type that provided the largest
relative changes in detected neutrons. Starting from homoge-
neous SM conditions in the simulated domain, an irrigation
event was assumed to increase the SM in the irrigated area
by either 0.05 or 0.10 cm3 cm−3. Such SM variation was ap-
plied to the entire soil profile. For the 1 ha square area, the
SM variation was separately applied to the top 10 and 30 cm
and to the entire soil profile. The initial homogeneous SM
conditions were between 0.05 and 0.25 cm3 cm−3 as this is
the relevant range for irrigation applications. The selected
detection thresholds, shown in Table 1, were based on the
relative error in the simulations:

σ = 100 ·
√

1/N1+ 1/N2 , (1)

where N1 and N2 are the neutron counts obtained with the
initial and final SM conditions, respectively. In addition to σ ,
a value of α = 1 % was included in each threshold to repre-
sent a generic detection uncertainty limit for a detector that
can achieve ∼ 1000 counts per hour and aggregation times
of <12 h that are relevant in SM monitoring (Schrön et al.,
2022).

Lastly, relative changes in detected neutrons due to homo-
geneous SM variations within the simulation domain were
compared with those due to SM variations that occur in the
inner or in the outer areas only. Again, the moderator type

Table 1. Detection thresholds that were adopted to investigate the
CRNS sensitivity to irrigation events

Threshold value Sensitivity

Below σ +α Uncertain results
σ +α to 2σ +α Good detection chance
2σ +α to 3σ + α High detection chance
Above 3σ +α Detectable

that had provided the largest relative changes in detected neu-
trons was selected. For each dimension of the irrigated area
(100 simulations), the highest simulated neutron count was
set to 100 %. The reduced sensitivity of the detection–SM
relationship in the case of SM variations that occur only in
the inner area was assessed. Here, a lower reduction in sen-
sitivity was considered beneficial for irrigation monitoring.
Also, the influence of the SM in the outer area on the count
rate was compared to that of SM variations in the inner area.
A strong influence of the SM in the outer area was considered
disadvantageous for irrigation monitoring.

3 Results and discussion

3.1 CRNS footprint variations with SM heterogeneity
and moderator type

The analysis of the CRNS footprint can be useful to under-
stand the general distance from which the measured neu-
trons originate. The boxplots of R86 for all moderators and
for different dimensions of the irrigated field are shown in
Fig. 3. In general, the footprint increases when a thicker
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Figure 4. Variation in R86 with SM using a 5 mm HDPE moderator for the (a) 0.5 ha and (b) 8 ha scenario and using a 25 mm HDPE
moderator with gadolinium shielding for the (d) 0.5 ha and (e) 8 ha scenario. The differences between the 8 ha and 0.5 ha scenarios are shown
in (c) for the 5 mm HDPE moderator and in (f) for the 25 mm HDPE moderator with gadolinium shielding. Here, negative values indicate
that the footprint of the 8 ha scenario is smaller than that of the 0.5 ha scenario and vice versa.

HDPE moderator is used and increases further when gadolin-
ium shielding is added. Additionally, there is a trend towards
a larger variability in the footprint size with SM variations
when larger irrigated areas are considered. Generally, the
largest R86 values are obtained using a 25 mm HDPE moder-
ator with gadolinium shielding (e.g. min= 147, med= 196,
and max= 273 m in the 8 ha scenario), whereas the low-
est values are obtained with a 5 mm HDPE moderator (e.g.
min= 127, med= 162, and max= 238 m in the 0.5 ha sce-
nario). Nonetheless, for each dimension of the irrigated area,
the difference in R86 obtained with different moderators and
shielding is rather small and on the order of 10 to 20 m only.
Such differences in R86 may thus have limited influence on
CRNS measurements of small, irrigated fields.

A more in-depth analysis of how R86 changes with SM
variation is shown in Fig. 4 for a 5 mm HDPE moderator
and for a 25 mm HDPE moderator with gadolinium shield-
ing. The value of R86 depends on the SM of both the inner
and outer area. Similar patterns in R86 variation with SM are
found when other moderators are used (not shown). For ex-

ample, for a 5 mm HDPE moderator, the highest R86 value
in the 0.5 ha scenario is ∼ 234 m for high SM in the inner
and low SM in the outer area (bottom right in Fig. 4a). The
R86 decreases to ∼ 220 m when the SM in the inner area
is reduced to 0.05 cm3 cm−3. A more pronounced decrease
in R86 to ∼ 132 m occurs when the SM in the outer area is
increased up to 0.50 cm3 cm−3. When the size of the inner
area increases (Fig. 4b), the general trends in R86 with SM
remain rather constant except for simulations where SM is
high in the inner area and low in the outer area (bottom right
corners). For these conditions, R86 tends to increase with in-
creasing size of the inner area. For example, R86 is ∼ 258 m
in the 8 ha scenario (Fig. 4b), which is almost 15 m larger
than the R86 in the 0.5 ha scenario (∼ 234 m) for a SM of
0.50 cm3 cm−3 in the inner area and 0.05 cm3 cm−3 in the
outer area. Similar considerations can be drawn for a 25 mm
HDPE moderator with gadolinium shielding (Fig. 4d–f).

In previous studies, the smallest R86 was often assumed to
occur for the highest SM in the CRNS surroundings. This is
true for homogeneous SM conditions but may be different for
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Table 2. Minimum and maximum percentage of detected (albedo plus non-albedo) neutrons originating within the inner area depending on
SM conditions with different moderators and different scenarios.

Scenario (inner area dimension)

Moderator 0.5 ha 1 ha 2 ha 4 ha 8 ha

5 mm 34.5–61.1 41.0–67.9 48.1–75.1 57.7–81.4 66.4–85.3
10 mm 32.0–59.9 38.3–66.1 44.7–72.8 53.9–78.9 62.3–83.0
15 mm 30.5–59.0 36.5–64.9 42.4–71.2 51.1–77.0 59.2–81.2
20 mm 29.4–58.1 34.9–63.6 40.4–69.4 48.5–75.0 56.1–79.2
25 mm 28.8–57.6 34.1–62.9 39.3–68.5 47.0–73.9 54.4–78.0
25 mm gadolinium 27.3–57.3 32.6–62.5 37.5–68.1 45.1–73.5 52.4–77.9
30 mm 28.2–57.0 33.3–61.9 38.2–67.3 45.5–72.6 52.4–76.6
35 mm 27.7–56.4 32.5–61.1 37.2–66.3 44.1–71.3 50.7–75.3

heterogeneous SM distributions (Schrön et al., 2022). When
the SM of the inner area is low and that of the outer area is
high, the outer area becomes a less important source of neu-
trons, and thus the footprint is reduced. An opposite effect
occurs when the inner SM is high and the outer SM is low. In
this case, the inner area is a smaller source, and the neutrons
from the outer area become more important, resulting in a
larger footprint. For example, with a 5 mm HDPE moderator
(Fig. 4a) the R86 of a 0.5 ha field reduces by 39.9 % when
SM increases from 0.05 to 0.50 cm3 cm−3 in the outer area,
whereas the same SM increase in the inner area enlarges R86
by 6.4 %. For a 25 mm HDPE moderator with gadolinium
shielding, these percentages are 37.2 % and 9.9 %, respec-
tively.

3.2 Detected albedo neutrons and their origin

For each dimension of the simulated inner area and for each
moderator type, Table 2 shows the minimum and maximum
percentages of detected (albedo plus non-albedo) neutrons
that originate in the inner area depending on SM conditions.
This percentage represents the detected neutrons that orig-
inate within an irrigated field and thus carry the bulk of the
information of interest in case of irrigation applications. Con-
siderable differences are found between simulations depend-
ing on the SM in the inner and outer area. The dimension
of the irrigated area also influences the results. In particu-
lar, 27.7 % to 61.1 % of the detected neutrons originate from
within a 0.5 ha irrigated field, whereas larger fields show
higher percentages (e.g. 50.7 % to 85.3 % from within an
8 ha field). In addition, thinner moderators generally show
a higher percentage of detected neutrons from the inner area.

Figure 5 shows the variation in the percentage of detected
albedo neutrons that originate in the inner or in the outer area
for the 0.5 ha scenario as a function of the SM of both ar-
eas for a detector with 25 mm HDPE moderator and gadolin-
ium shielding, which shows the lowest percentages in Ta-
ble 2. Non-albedo neutrons are not considered in Fig. 5, and
the reader is referred to Appendix A for a more detailed de-
scription of such detected non-albedo neutrons. Clearly, the

Figure 5. Percentages of detected neutrons that originate in the in-
ner and outer area for (a) the 0.5 ha scenario and (b) the 8 ha sce-
nario. These results are shown for a detector with a 25 mm HDPE
moderator with gadolinium shielding.

fraction of neutrons originating in the inner and outer area
strongly depends on SM. The percentage of neutrons orig-
inating in the inner area is smallest when the inner area is
wet and the outer area is dry (31.4 %). This percentage in-
creases up to 58.0 % if the SM in the inner area is reduced to
0.05 cm3 cm−3 and then to 69.6 % when the SM of the outer
area increases to 0.50 cm3 cm−3. The percentage of neutrons
originating in the outer area shows the opposite trend. From
these results, it is clear why CRNS applications focused on ir-

Geosci. Instrum. Method. Data Syst., 11, 451–469, 2022 https://doi.org/10.5194/gi-11-451-2022



C. Brogi et al.: Feasibility of irrigation monitoring with cosmic-ray neutron sensors 459

Figure 6. Relative change in number of detected neutrons due to SM variations obtained using different moderators (i.e. 5, 15, 25, and 35 mm
HDPE and 25 mm HDPE with gadolinium shielding) for (a) 0.05 and (b) 0.50 cm3 cm−3 SM in the outer area of a 0.5 ha field. The error
bars indicate the relative error in the simulations. Grey circles and squares indicate the relative change for two selected moderators when the
SM changes from 0.05 to 0.50 cm3 cm−3 are applied to the entire simulation domain.

rigation of small fields can face considerable challenges. Es-
pecially in small irrigated fields, the number of detected neu-
trons that originate outside the irrigated area can be higher
than the number of neutrons that originate inside of the irri-
gated area. This is especially true when the SM outside the
irrigated area is relatively low, which is often the case when
the inner area is irrigated. Figure 5b presents the same anal-
ysis for an 8 ha field. Here, the percentage of neutrons from
the inner area is higher than in the 0.5 ha scenario and shows
a lower overall variation. Again, the lowest percentage of de-
tected neutrons originating from the inner area (67.6 %) is
found when the inner area is wet and the outer area is dry,
whereas the highest value (90.4 %) is found with reversed
SM conditions.

3.3 Effect of spatial heterogeneity on the relationship
between neutron counts and SM

The relationship between neutron count rate and SM has
been mostly investigated for homogeneous SM conditions.
Here, we also explore the effect of SM variations that occur
only within an inner area that surrounds the instrument (e.g.
through irrigation). We considered sizes of the inner irrigated
area from 0.5 to 8 ha and two opposite wetness situations for
the outer area (i.e. SM of 0.05 and 0.50 cm3 cm−3). In addi-
tion, we considered the effect of the thickness of the moder-
ator and additional shielding on the number of detected neu-
trons. In Fig. 6 and in Fig. 7, the neutron counts of the differ-

ent simulations are scaled to the case with the highest count
rates (SM of 0.05 cm3 cm−3 everywhere in the simulated do-
main). Generally, neutron count rates show a non-linear neg-
ative relationship with increasing SM in the irrigated area.
The detector with a 5 mm HDPE moderator shows the small-
est relative changes in neutron counts (Fig. 6). Thicker HDPE
moderators (i.e. 15, 25, and 35 mm) result in larger relative
changes. The largest difference in relative changes is ob-
served between a 5 and a 15 mm HDPE moderator, whereas
the differences between a 25 and a 35 mm HDPE moderator
are rather small. The highest relative change in number of
detected neutrons occurs for a 25 mm HDPE moderator with
gadolinium shielding. Nonetheless, the described sensitivi-
ties are lower than with a homogeneous SM change in the en-
tire domain (grey circles and squares in Fig. 6). The relatively
high sensitivity of the 25 mm HDPE moderator with gadolin-
ium shielding seems to contradict the relatively large R86
values as well as the relatively low percentage of detected
neutrons that originate within the irrigated area for such a
moderator. This is attributed to small relative variations in the
R86 between different moderators and to the low number of
detected thermal neutrons (< 5 %), which only contain lim-
ited SM information (see Appendix B). The SM in the outer
area also has an influence on the results, although to a lesser
degree. For example, a SM of 0.50 cm3 cm−3 in the outer
area (Fig. 6b) leads to greater variations in detected neutrons
than a SM of 0.05 cm3 cm−3 in the outer area (Fig. 6a).
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Figure 7. Relative change in number of detected neutrons using a 25 mm HDPE moderator with gadolinium shielding for different dimensions
of the irrigated area and two different SMs in the outer area: (a) 0.05 and (b) 0.50 cm3 cm−3. The error bars indicate the relative error in the
simulations.

The neutron count rates obtained with a 25 mm HDPE
moderator with gadolinium shielding for irrigated areas rang-
ing from 0.5 to 8 ha are shown in Fig. 7. An increased size of
the irrigated area results in larger relative changes in the num-
ber of detected neutrons with SM variations, especially when
the outer area is dry (Fig. 7a). Higher SM of 0.50 cm3 cm−3

in the outer area (Fig. 7b) results in larger relative changes in
the number of detected neutrons, although this is mostly the
case for relatively small dimensions of the irrigated area. For
the 8 ha scenario, the impact of the SM in the outer area is
very limited.

Generally, larger relative changes in detected neutrons
with SM variations lead to an improved performance of a
given CRNS in a certain environment. Thus, our analysis
shows that the CRNS performance in an irrigated environ-
ment depends on both the moderator type and the SM outside
of the irrigated area. However, the effect of different moder-
ator types on the performance is stronger. A relatively thin
HDPE moderator will generally result in low changes in the
neutron count rate with SM variations, independent from the
dimension of the irrigated field. A thicker HDPE modera-
tor will provide higher neutron count changes and thus bet-
ter sensitivity to SM changes in the inner area. Overall, a
25 mm HDPE moderator with gadolinium thermal shielding
achieves the best results.

3.4 CRNS sensitivity to irrigation events

The sensitivity of a CRNS is further analysed to assess if it is
possible to detect irrigation events in fields between 0.5 and
8 ha in size (Fig. 8). A 25 mm HDPE moderator with gadolin-
ium shielding is used as it provides larger relative changes

in the neutron count rate compared to the other investigated
moderators. An irrigation event is assumed to increase the
SM of the irrigated area by 0.05 or by 0.10 cm3 cm−3 start-
ing from a homogeneous SM condition within the domain.
The detection thresholds (see Fig. 8) are based on the rel-
ative error (σ) of the simulations (Eq. 1), which varied be-
tween 2.3 % and 3.4 % depending on the number of detected
neutrons.

As shown in Fig. 8, an irrigation event that leads to
a 0.05 cm3 cm−3 increase in SM can be detected with
CRNSs (relative change in detected neutrons higher than
3σ +α) when the initial SM of the simulation domain is
0.05 cm3 cm−3. This is the case for all five investigated di-
mensions of the irrigated area. In the case of 4 and 8 ha fields,
detection of this type of irrigation event is also achieved with
an initial SM of 0.10 cm3 cm−3. For initial SM larger than
0.05 cm3 cm−3, the chance of detecting irrigation events de-
pends on the dimension of the irrigated area, with larger irri-
gated fields yielding higher detection chances. Overall, the
detection of a 0.05 cm3 cm−3 irrigation event is uncertain
(relative change in detected neutrons lower than σ+α) when
the initial SM is 0.20 cm3 cm−3 or higher in a 0.5 ha field
(Fig. 8a) or 0.25 cm3 cm−3 in 1 ha field (Fig. 8b). Irrigation
events that induce larger SM variations of 0.10 cm3 cm−3 re-
sult in larger relative changes in detected neutrons and thus
have a higher chance of detection. Here, the CRNS detects
irrigation events with initial SM up to 0.10 cm3 cm−3 in 0.5,
1, and 2 ha fields and with initial SM up to 0.20 cm3 cm−3

in 4 and 8 ha fields. If the investigation of a 0.10 cm3 cm−3

irrigation event is extended to higher initial SM (i.e. 0.30
to 0.40 cm3 cm−3), the only uncertain detection (lower than
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Figure 8. CRNSs’ chance of detecting irrigation events of 0.05 and
0.10 cm3 cm−3 (blue and green bars, respectively) in (a) 0.5, (b) 1,
(c) 2, (d) 4, and (e) 8 ha irrigated fields. The bars show the rel-
ative change in detected neutrons induced by the irrigation event,
while the dashed black lines show the prescribed detection certainty
thresholds. The red area below the σ +α threshold indicates uncer-
tain detection.

σ +α) is that of an initial SM of 0.40 cm3 cm−3 in a 0.5 ha
field (not shown).

3.5 Influence of SM in the outer area

In fields between 0.5 and 8 ha, a CRNS is not only sensitive
to the irrigation of the target field but also to SM variations in
the outer area (e.g. due to irrigation of neighbouring fields).

It is thus important to assess the impact of SM variations
that occur outside the field of interest. Figure 9 shows the
relationships between SM variations that occur in the inner
area, in the outer area, or in both areas as well as the result-
ing relative changes in detected neutrons for a 25 mm HDPE
moderator with gadolinium shielding. SM variations that are
limited to the irrigated field show a reduced sensitivity of the
relative change in neutron count rate compared to the case
where SM variations occur homogeneously in the entire do-
main, which is due to the influence of the SM in the outer
area. The strongest reduction in the sensitivity of this rela-
tionship is found for the 0.5 ha field (Fig. 9a). The sensitivity
increases with larger dimensions of the irrigated area, and
the observed reduction is lowest in the case of the 8 ha field
(Fig. 9e).

In the case of a 0.5 ha irrigated field, SM variations in the
outer area generally induce a higher relative change in de-
tected neutrons compared to SM variations that occur within
the irrigated area. For example, a SM variation from 0.05 to
0.10 cm3 cm−3 in the outer area (Fig. 9a) induces a larger rel-
ative change (−11.8 %) compared to the same SM variation
in the inner area (−8.6 %). With larger irrigated areas, the
influence of the outer area is reduced. In the 8 ha scenario, a
SM variation from 0.05 to 0.10 cm3 cm−3 in the inner area in-
duces a larger relative change in detected neutrons than that
of a SM variation from 0.05 to 0.50 cm3 cm−3 in the outer
area. These results suggest that it may be necessary to ob-
tain SM information from the surroundings of a target field
in real-world applications of CRNS-based irrigation moni-
toring.

It is also of interest to reduce this analysis to a smaller
range of SM in the outer area (i.e. 0.05 to 0.15 cm3 cm−3)

as this is generally the case in irrigated agricultural environ-
ments (shaded red area in Fig. 9). In the case of 0.5 and 1 ha
fields, a SM variation of 0.10 cm3 cm−3 in the outer area (red
error bars in Fig. 9a–b) produces a relative change in the neu-
tron count rate that is higher than that of an irrigation event
of 0.05 cm3 cm−3. This is not the case when the initial SM of
the domain is 0.05 cm3 cm−3 in the 2 ha scenario (Fig. 9c),
0.05 to 0.15 cm3 cm−3 in the 4 ha scenario (Fig. 9d), and 0.05
to 0.20 cm3 cm−3 in the 8 ha scenario (Fig. 9e). Overall, even
if the range of the SM in the outer area is reduced, it can still
have a considerable impact on the CRNS. This again under-
lines the importance of obtaining information on the SM in
the outer area, especially in the case of relatively small irri-
gated fields.

4 Limitations and outlook

The results of this study suggest that irrigation monitoring
with CRNSs is feasible for field dimensions and SM con-
ditions that are relevant in irrigation applications. However,
it is important to emphasize here that the presented results
constitute a best-case scenario as it assumes a square shape
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Figure 9. Relative changes in detected neutrons due to SM variations in (a) 0.5, (b) 1, (c) 2, (d) 4, and (e) 8 ha irrigated areas. The dashed
black line shows SM variations that are homogeneous within the simulated domain. The dashed red lines and the error bars indicate SM
variations that occur only within the irrigated area for a different SM in the outer area.

of the irrigated area, homogeneous SM changes (both hori-
zontally and vertically) in the inner irrigated area, and stable
SM conditions in the surroundings. An additional complex-
ity could be represented by the influence of vegetation or
air humidity. For example, air humidity affects R86 (Köhli
et al., 2015) and may thus modify the contribution to de-
tected neutrons of the irrigated field. Moreover, heteroge-
neous vertical SM distributions or different dimensions of
the irrigated field, such as irregular or elongated shapes,
might be more challenging for irrigation monitoring with
CRNSs. Figure 10 shows the sensitivity of a CRNS with
a 25 mm HDPE moderator and gadolinium shielding to ir-
rigation events that increase the SM of the irrigated area
by 0.05 or by 0.10 cm3 cm−3 starting from a homogeneous
SM condition for different shapes of the irrigated area. The
comparison between a circular (56 m radius), rectangular
(142× 70 m), and a square field of 1 ha (Fig. 10a–c) shows
that there is a small change in CRNS performance for given
SM variations for different field geometries. However, the
differences are small, and the overall feasibility of irrigation
monitoring with CRNS is not affected. Figure 10 also shows
the sensitivity to irrigation events when only the first 10 cm
or 30 cm of soil is wetted in a 1 ha square field. When irri-
gation affects SM only in the first 10 cm of soil (Fig. 10d),
the sensitivity of the CRNS is strongly reduced. This is espe-
cially the case for SM variations of 0.05 cm3 cm−3, where the
CRNS is able to detect irrigation only when the initial SM is
0.05 cm3 cm−3. However, it should be noted that SM vari-
ations of 0.05 and 0.10 cm3 cm−3 correspond to irrigation
events of 5 and 10 mm. This rather small irrigation amount
might correspond to the initial SM variation during a larger
irrigation event or to frequent events (e.g. daily irrigation).
When irrigation affects SM in the first 30 cm of soil, the sen-
sitivity of a CRNS is comparable to that of a homogeneous

vertical distribution of SM (Fig. 10a and e). The only dif-
ferences are a drop from high to good detection chances for
a 0.05 cm3 cm−3 SM variation and from certain to high de-
tection chances for a 0.10 cm3 cm−3 SM variation when the
initial SM is 0.15 cm3 cm−3. Overall, Fig. 10 suggests that a
small change in the field shape and irrigation affecting just
the top 30 cm of soil will only have a small influence on the
feasibility of irrigation monitoring with CRNSs. However, it
has to be noted that these results are based only on a limited
number of simulations, and real-world studies should assess
in more detail the influence of the shape of the irrigated field
in addition to the impact of the within-field SM heterogene-
ity.

Another aspect that needs further investigation is the role
of SM variations in the surroundings of a target irrigated
field. Information on such SM variations may be necessary
to correct CRNS-based SM products in not only relatively
small fields (up to 2 ha) but also larger ones. When a CRNS
is installed in an irrigated field in place of a sensor network,
the CRNS could be supported by a single and inexpensive
point-scale SM monitoring instrument installed outside the
target field. This would not substantially increase the instal-
lation and maintenance costs and would not interfere with
agricultural management. Moreover, a single point-scale de-
vice could support multiple CRNSs in an agricultural area if
irrigated fields are sufficiently distanced and if the SM in the
unmanaged area is relatively homogeneous in space. How-
ever, in small fields (e.g.< 0.5 ha) that have relatively homo-
geneous SM, a small sensor network could be more effective
than a CRNS. Within this context, Monte Carlo simulations
of neutron transport represent an added value as they inform
about the relative contribution from the surroundings of an
irrigated field to the neutron count. Future research should
investigate if generalized neutron transport simulations are
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Figure 10. CRNSs’ chance of detecting irrigation events of 0.05
and 0.10 cm3 cm−3 (blue and green bars, respectively) in (a) a 1 ha
squared field, (b) a 1 ha circular field, and (c) a 1 ha rectangular field
and for SM variations that affect only the top (d) 10 and (e) 30 cm
of soil for a 1 ha squared field. The bars show the relative change in
detected neutrons induced by the irrigation event, while the dashed
black lines show the prescribed detection certainty thresholds. In
panels (b–e), the dashed red bars indicate the results of panel (a)
(1 ha squared field). The red area below the σ+α threshold indicates
uncertain detection.

sufficiently accurate or if simulations should be tailored to a
target irrigated area. As a result, Monte Carlo simulation re-
sults could be employed before installation to provide farm-
ers with an estimate of the costs and benefits of a CRNS-
based irrigation monitoring system.

5 Conclusions

This study explores the feasibility of irrigation monitoring
with CRNSs by using Monte Carlo neutron transport simula-
tions. Specifically, it investigates the influence of the mod-
erator type, the dimensions of the irrigated area, and SM
variations within and outside the irrigated area. Results show
that the CRNS footprint (R86) depends on both the SM in
the irrigated area and its surroundings and, to a lesser de-
gree, the moderator type and the dimension of the irrigated
area. Generally, detectors with thinner HDPE moderators re-
sult in smaller footprints, although differences between the
investigated moderators are relatively small. Regarding the
origin of detected neutrons, a considerable fraction of the de-
tected neutrons can originate from outside the irrigated re-
gion, which may represent a challenge in CRNS-based ir-
rigation monitoring. This fraction varies considerably with
the size of the irrigated area. Relatively higher contributions
from the irrigated field are obtained for larger sizes of the ir-
rigated area (e.g. 28 % to 61 % in 0.5 ha and 51 % to 85 % in
8 ha); higher SM outside the irrigated area; and, to a lesser
degree, detectors with thin HDPE moderators. Despite a rel-
atively larger R86 combined with lower contributions from
the irrigated field, thicker HDPE moderators and the addi-
tion of a thermal shielding result in higher relative changes
in detected neutrons with respect to SM variations. Thus,
such moderator types are expected to bring improvements in
CRNS-based irrigation monitoring.

A CRNS with a 25 mm HDPE moderator and gadolinium
shielding can detect irrigation events that increase SM by
0.05 cm3 cm−3 even in fields as small as 0.5 ha when the SM
in the entire simulated domain is 0.05 cm3 cm−3. Detection is
uncertain in a 0.5 ha field when initial SM is 0.20 cm3 cm−3

or higher and again uncertain in a 1 ha field when initial
SM is 0.25 cm3 cm−3 or above. Higher detection chances are
found in the case of irrigation events that increased SM by
0.10 cm3 cm−3. For a 1 ha irrigated area, the use of a circu-
lar or rectangular shape instead of a square shape and SM
increases in the first 30 cm of soil instead of the entire soil
profile did not result in considerable changes in the CRNS
sensitivity. In contrast, when SM was increased only in the
first 10 cm of soil (e.g. small daily events or the initial stage
of larger irrigation event), a considerable reduction in sensi-
tivity was observed. Generally, larger irrigated fields, lower
initial SM, and higher SM variations due to irrigation pro-
vide higher chances of detection. Using the same moderator,
the relationship between relative changes in detected neu-
trons and SM variations for irrigated fields shows a reduced
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sensitivity compared to the case of homogeneous SM vari-
ations within the entire simulated domain. Such sensitivity
reduction is due to the influence of SM from the outer area
and is stronger in small irrigated fields compared to large
ones. If SM in the outer area of 0.5 and 1 ha fields is be-
tween 0.05 and 0.15 cm3 cm−3, it is generally not possible
to distinguish whether a relative change in detected neutrons
is due to irrigation or to SM variations in the surroundings.
In contrast, in an 8 ha field, irrigation-related SM variations
of 0.05 cm3 cm−3 can be identified up to a maximum SM of
0.20 cm3 cm−3, independently from the SM of the surround-
ing area. The results suggest the importance of obtaining in-
formation on the SM of the outer area in real-world applica-
tions of CRNS-based irrigation monitoring.

Overall, this study shows that CRNSs can be successfully
employed in irrigation monitoring for both field dimensions
and SM conditions that are relevant in irrigation applications.
Real-world conditions may nevertheless prove challenging
due to the presence of additional factors and limitations that
were not considered in this study. For example, vertical and
horizontal heterogeneous SM variations within the irrigated
field should be investigated in more detail in future studies
as well as different shapes of the irrigated field. Moreover,
the use of SM information from the surroundings of an ac-
tual irrigated field with limited size could be considered to
correct CRNS-based irrigation products by combining actual
measurements with Monte Carlo simulations. Prior to instal-
lation, Monte Carlo simulations could also be employed to
assess the costs and benefits of a given detector in a specific
irrigated environment. In the long term, the combination of
simulations and real-world installations should be considered
to establish CRNSs as a decision support system for irriga-
tion management and thus provide an additional tool to im-
prove water use efficiency in agriculture.

Appendix A

In all the 500 simulations, the percentage of detected non-
albedo neutrons varied with SM variations and with the
type of moderator (Table A1). Non-albedo neutrons repre-
sented a considerable percentage of the total detected neu-
trons. No meaningful variations were obtained with different
dimensions of the irrigated area. Thick moderators resulted
in higher percentages of detected non-albedo neutrons com-
pared to thin moderators (e.g. 5.5 % to 9.9 % with a 5 mm
HDPE moderator and 15.2 % to 31.8 % with a 35 mm HDPE
moderator).

Table A1. Minimum and maximum percentage of non-albedo neu-
trons detected with different moderators and different scenarios.

Scenario (inner area dimension)

Moderator 0.5 ha 1 ha 2 ha 4 ha 8 ha

5 mm 5.5–9.9 5.5–10.1 5.5–9.8 5.6–9.7 5.8–9.9
10 mm 7.4–14.5 7.4–14.7 7.3–14.5 7.5–14.4 7.8–14.6
15 mm 9.1–18.5 9.1–18.6 8.9–18.7 9.2–18.5 9.4–18.7
20 mm 11.1 – 23 11.1–22.9 10.9–23.3 11.2–23.0 11.3–23.2
25 mm 12.2–25.6 12.2–25.5 12.1–25.8 12.4–25.5 12.4–25.8
25 mm + gadolinium 12.1–27.2 12.1–27.1 11.9–27.5 12.3–27.2 12.3–27.3
30 mm 13.7–28.7 13.7–28.6 13.6–29.0 13.9–28.5 13.9–29.0
35 mm 15.2–31.5 15.2–31.3 15.0–31.8 15.4–31.3 15.3–31.8
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Appendix B

Thermal neutrons were found to have a smaller footprint
compared to epithermal neutrons (Jakobi et al., 2021). The
number of detected thermal neutrons and their percentage
among all detected neutrons changes abruptly when different
moderators are used (Fig. B1). A moderator of 5 mm HDPE
results in thermal neutrons being above the 50 % level of de-
tected neutrons. Such percentage can be reduced by increas-
ing the thickness of the HDPE moderator and by adding a
gadolinium shielding. Moderators that detect more thermal
neutrons will result in a smaller footprint compared to other
detectors (see Figs. 3 and 4) and, likely, in more detected
neutrons originating within an irrigated field (see Table 2).

Table B1 shows that the variation in detected thermal neu-
trons that originate within a 1 ha irrigated field is rather small
with a 5 mm HDPE moderator (although it should be noted
that the relative errors are not negligible as detected thermal
neutrons range between ∼ 700 and ∼ 800). Consequently,
thermal neutrons can concentrate the instrument footprint
over a small area (e.g. an irrigated field), but this might not be
followed by an added value in the detection of SM changes
within such an area.

Table B1. Thermal neutrons detected with a 5 mm HDPE moderator that originate within a 1 ha field expressed as a fraction of the maximum
value (i.e. 840 thermal neutrons detected with SM of 0.10 cm3 cm−3 in the inner area and 0.05 cm3 cm−3 in the outer area).

SM (cm3 cm−3) in the 1 ha field

0.05 0.10 0.15 0.20 0.25 0.30 0.30 0.40 0.45 0.50

SM
in

ou
te

ra
re

a

0.50 0.92 0.95 0.98 0.90 0.92 0.91 0.89 0.81 0.85 0.84
0.45 0.94 0.96 0.96 0.95 0.97 0.91 0.89 0.86 0.84 0.79
0.40 0.91 0.96 0.99 0.96 0.94 0.92 0.88 0.86 0.82 0.84
0.35 0.94 0.93 0.98 0.98 0.94 0.93 0.86 0.85 0.86 0.83
0.30 0.92 0.95 0.98 0.95 0.97 0.92 0.87 0.86 0.81 0.82
0.25 0.91 0.98 0.96 0.97 0.97 0.89 0.91 0.87 0.82 0.82
0.20 0.91 0.95 0.95 0.94 0.95 0.90 0.88 0.87 0.83 0.83
0.15 0.90 0.96 0.99 0.97 0.96 0.94 0.92 0.89 0.83 0.81
0.10 0.94 0.95 0.97 0.95 0.94 0.89 0.89 0.84 0.83 0.81
0.05 0.95 1.00 0.98 0.96 0.92 0.92 0.88 0.84 0.85 0.82

Figure B1. Boxplot of the percentage of detected thermal neutrons
over the total number of neutrons that are detected with different
moderator types for the 1 ha scenario (each boxplot shows the re-
sults of 100 simulations).
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Appendix C

Figure C1 shows the relationship between SM variations
(that occur in the inner area, in the outer area, or in both) and
the consequent relative change in detected neutrons as well
as the influence of the SM outside the irrigated field. This
is shown for 5 mm HDPE (Fig. C1a–e) and 25 mm HDPE
moderators (Fig. C1f–j). Compared to a 25 mm HDPE mod-
erator with gadolinium shielding (Fig. 9), the 25 mm HDPE
and 5 mm HDPE moderators show a generally lower sensi-
tivity and higher influence of the SM outside the irrigated
field, especially for the 5 mm HDPE moderator version.

Figure C1. Relative changes in detected neutrons due to SM variations in (a) 0.5, (b) 1, (c) 2, (d) 4, and (e) 8 ha irrigated areas for a 5 mm
HDPE moderator and in (f) 0.5, (g) 1, (h) 2, (i) 4, and (l) 8 ha for a 25 mm HDPE moderator. The dashed black line shows SM variations
that are homogeneous within the simulated domain. The dashed red lines and the error bars indicate SM variations that occur only within the
irrigated area for a different SM in the outer area.
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