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Abstract. Since the first development of hectometre-scale soil moisture estimation using the epithermal(-dominated) neu-
tron intensity from moderated Cosmic-Ray Neutron Sensing (CRNS) detectors, researchers have hypothesized that concurrent
lower-energy, thermal(-dominated) neutron measurements with bare (unmoderated) detectors could also be useful for environ-
mental sensing. Early studies in this field have highlighted the potential of neutrons observed with bare detectors for monitoring
biomass, plant traits, and snow water equivalent, while others underlined a soil moisture dependence that can adversely affect
their usability. Similarly, varying estimates of the radius and depth of the measurement footprint of thermal neutron observa-
tions compared to that of the standard epithermal CRNS observations have been proposed. However, a generalised simulation-
based assessment of the signal response and of the footprint of bare detectors is currently lacking. Against this background,
this study aims to generate an improved understanding of neutron signals recorded by bare and moderated detectors through
the simulation of generalised environmental scenarios using a Monte-Carlo neutron transport model. The results emphasize
the complex and differing response of thermal-dominated, bare and epithermal-dominated, moderated neutron detectors over
arange of environmental conditions with respect to their signal response and their sensitive measurement footprint. Following
these results, we conclude that a paradigm shift is necessary on how we interpret these two types of neutron signals. Moder-
ated and bare detector signals should not be treated as being independent from specific hydrogen pools due to a complex and
sometimes counter-intuitive response to changes in soil moisture, biomass or snow water equivalents. For example, we confirm
a partially opposing response of bare and moderated detector signals to biomass changes and a generally smaller horizontal
measurement footprint of the bare detector. At the same time, the simulation results shed further light on empirical findings
made in previous studies, set a baseline for an improved interpretation of locally observed neutron signals in future studies,

and support the future exploration of potential environmental monitoring applications of bare and moderated detectors in the

context of CRNS.
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1 Introduction

While a few earlier studies identified the potential for using low-energy secondary neutrons from cosmic rays to monitor
changes in environmental hydrogen such as soil moisture and snow water equivalent (e.g., Kodama et al., 1979, 1985; Dorman,
2004), the method started gaining popularity since Zreda et al. (2008) and Desilets et al. (2010) introduced Cosmic-Ray
Neutron Sensing (CRNS) as a methodological framework for estimating hectometre-scale soil moisture using cosmic-ray
neutrons. Since the introduction of CRNS, numerous soil moisture observation networks based on this methodology have
been established (e.g., Zreda et al., 2012; Hawdon et al., 2014; Evans et al., 2016; Bogena et al., 2022). At the same time,
the understanding of the CRNS method has evolved and new mathematical approaches have been introduced for correcting
observed neutron intensities for variations in air pressure, absolute air humidity, incoming high-energy cosmic radiation and
biomass (Rosolem et al., 2013; Hawdon et al., 2014; Baatz et al., 2015; Kohli et al., 2021; McJannet and Desilets, 2023).
Similarly, more accurate conversions of neutron intensities to soil moisture (Franz et al., 2013; Kohli et al., 2021) and snow
water equivalent (e.g., Schattan et al., 2017, 2019; Bogena et al., 2020) have been developed and weighting schemes reflecting
the spatial sensitivity of the CRNS technique enabled an improved comparability with independent soil moisture information
from soil sampling campaigns or electromagnetic in-situ sensors (e.g., Franz et al., 2012; Kohli et al., 2015; Schron et al.,
2017, 2024). A recent review of the CRNS method can be found in Kohli (2026).

The CRNS method for estimating soil moisture and snow water equivalents relies on the measurement of low-energy cosmic-
ray neutrons in the epithermal energy range (> 0.25 eV to 100keV) (e.g., Kohli et al., 2015) which are typically measured using
a moderated detector, which is a neutron detector shielded with 25 mm thick high-density polyethylene (HDPE). Epithermal
neutrons are highly sensitive to energy losses through elastic scattering processes with hydrogen until reaching thermal energies
(£0.25eV) and eventually being absorbed. This leads to an inverse non-linear relationship between observed epithermal
neutron intensities and environmental hydrogen stored in soil moisture and snow but also in soil organic matter as well as
below and above-ground biomass. Early in the development of the CRNS methodological framework, Desilets et al. (2010)
hypothesised that there could be some additional value in observing thermal energy range neutrons using an identical neutron
detector but without the HDPE moderator (i.e.: the bare detector). For neutrons in the thermal energy range, two key processes
are relevant: elastic scattering, which slows down epithermal neutrons to thermal energies, and absorption of thermal neutrons
by nuclei which reduces the abundance of these neutrons. These two processes lead to a different response of thermal neutrons
to changes in environmental hydrogen and a difference in this response depending on soil chemical composition (Zreda et al.,
2008). Compared to epithermal neutrons observed with moderated detectors, only a few studies have so far focused on thermal
neutrons observed by bare detectors for CRNS applications. These studies have empirically demonstrated the potential for
using thermal neutrons to estimate changes in biomass (Jakobi et al., 2018, 2022), leaf area index (LAI), plant height, plant
area index (PAI) (Brogi et al., 2025; Al-Mashharawi et al., 2026) and snow water equivalent (e.g., Desilets et al., 2010; Bogena
et al., 2020). Empirical findings were supported by simulation-based studies like that of Andreasen et al. (2017) who confirmed

a different response of thermal and epithermal neutrons to changes in forest biomass and soil moisture with neutron transport
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modelling. Other simulation studies also found a different response of thermal compared to epithermal neutrons to changes in
soil moisture (Zreda et al., 2008; Rasche et al., 2021).

As shown by Andreasen et al. (2016), the study of thermal neutrons and bare detectors is complicated by the fact that the
signal of bare detectors also contains a fraction of epithermal neutrons. Similarly, the moderated detector signal also contains
a fraction of lower-energy thermal neutrons. This mixed contribution complicates the comparison with findings derived from
neutron transport modelling. One way to increase comparability, as proposed by Andreasen et al. (2016), is the derivation
of site-specific linear correction functions for moderated and bare detectors to extract pure thermal and epithermal neutron
signals. This is done through campaigns of simultaneous measurements with identical bare and moderated detectors with
and without a cadmium shielding. The latter removes most of the thermal signal contribution of the individual detector and
purer thermal and epithermal signals can be derived from measurements. Alternatively, simulations can be tailored to real
detectors in post-processing by using detector-specific response functions (Kohli et al., 2018). This method employs an energy-
dependent weighting of simulated signals from neutron transport simulations which does not require additional detectors,
shielding equipment or measurement campaigns. Also, the same simulation can be used for multiple detector specifications
(e.g., Kohli et al., 2021; Brogi et al., 2022) which reduces computational efforts.

While neutron transport simulations have helped us understand low-energy epithermal and thermal neutron fluxes in the
context of CRNS, differences in evaluation approaches have occasionally resulted in inconsistent interpretations across the
CRNS community. For example, Bogena et al. (2020) and Jakobi et al. (2021) focused solely on interactions in the thermal
energy range when they estimated a horizontal measurement footprint for thermal neutrons of around 40 m from neutron
transport simulations. These calculations were based on the position at which an epithermal neutron enters the thermal energy
range before it reaches the detector. The study showed that soil moisture has little effect on thermal neutrons as the thermal
footprint was rather insensitive to soil moisture changes. An alternative footprint definition was developed by Rasche et al.
(2021) who used the point of first soil contact for simulated neutrons that reached the detector in the thermal energy range,
consistent with the footprint calculation for epithermal neutrons. They found that this revised footprint definition led to more
than double the size. An explanation is the sensitivity to soil moisture changes that predominantly affects the epithermal stage of
the life of a neutron, which later reaches the detector as a lower-energy thermal neutron. The authors argued that this definition
is more appropriate for the study of thermal neutrons and bare detector signals as it includes the entire life of a neutron after first
soil contact. While both definitions are mathematically valid, their specific use cases and interpretations differ substantially.
Additionally, both simulation approaches rely on specific energy windows that do not account for all neutrons measured by
a bare detector, which is instead accounted for when using detector-specific response functions. Thus, the use of response
functions could result in key differences for practical CRNS applications that have not yet been addressed.

Despite a growing number of empirical and theoretical studies highlighting the potential uses of thermal-dominated neutron
signals from bare detectors, a thorough simulation-based assessment and comparison between the actual response of bare
and moderated detector signals is still missing. Therefore, the objective of this study was to simulate the response of bare
and moderated detector signals under a broad range of environmental conditions and explore the repercussions on real-world

measurements. These conditions included different soil chemical compositions, soil bulk densities, biomass amounts and water
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layers on top of the soil. Detector response functions were used in place of energy windows to mimic the response of real-
world detectors for enhanced comparability and transferability of the simulation results. With the results of this simulation-
based study, we aim to set a baseline for the current understanding of neutron signals and CRNS measurements under varying
environmental conditions which allows for (1) an improved interpretation of locally observed neutron signals from bare and
moderated detectors in future studies, (2) a better understanding and validation of findings reported in previous studies and (3)

a support for future exploration of the potential of bare and moderated detectors in the context of CRNS.

2 Material and methods

This simulation-based study used the URANOS v1.27 model (Ultra-Rapid Adaptable Neutron Only Simulation) (K6hli et al.,
2015; Kohli et al., 2023) to simulate the response of bare and moderated detectors under different environmental conditions as

outlined in the following sections.
2.1 Simulation of detector response functions

Firstly, detector response functions (DRF) were simulated for bare and moderated detectors with HDPE moderator widths of 5
to 40 mm by placing individual detectors in a small model domain depending on the size of the individual detector setup and
irradiating the virtual detector with source neutrons with individual energy levels using the detector Batch Run2-command in
URANOS (Kohli et al., 2018; Kohli et al., 2023). For each detector model a DRF was simulated for different views (top or
side) of the virtual detector. The final DRF per detector was then calculated as the average from the different views weighted
by their contribution to the total surface area of the detector. Potential differences arising from the angular distribution of
neutrons hitting the detector as well as due to a real detector being installed either vertically or horizontally are not fully
represented by the use of DRF and pose a limitation of this approach. Also, all DRF were simulated using the same default
boundary conditions (soil moisture = 0.01 cm® cm ™3, bulk density = 1.43 gcm™3, cutoff rigidity = 5 GV, absolute humidity
=2.33 gm~3 and shielding depth = 1013 gcm~2) to ensure comparability between the DRF of the individual detector setups.
These boundary conditions were kept constant because their variation would have negligible impacts given the fixed location
of the neutron source and its short distance to the detector. The reference detector model for this study was the type CRS1000
(Hydroinnova LLC, USA) (Zreda et al., 2012) where the bare detector has a length of 35 cm and a width of 5cm. The tube
wall is composed of stainless steel with a thickness of 1 mm and the detector gas is *He with a pressure of p = 1.5 bar. Note
that in the simulation setup, for simplicity, the detector tube was implemented as a rectangular feature and not as a cylinder. To
account for the rectangular shape, the pressure of the He gas was internally scaled to an effective pressure of pesr = /4 - p.
The CRS1000 detector system is usually composed of a bare and a moderated detector with a 25 mm HDPE shield which is
considered the standard moderated detector in the context of CRNS. However, in this study, the bare and moderated detector
were simulated as solitary instruments and not in a co-located setup. This allows for more generalized results that can be valid

for similar instruments like the CRS1000/B, in which the distance between the two detectors can potentially be modified.
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Nonetheless, a simplified comparison of bare detector response functions illustrating the influence of the co-located placement

of a HDPE shielding of a moderated detector in 10 cm distance (same as the CRS1000) will also be presented.
2.2 Simulation of homogeneous setups

For investigating the response of both the bare and the moderated detector under different environmental conditions, we con-
ducted simulations of 0.5 million source neutrons in a larger, 1000 m by 1000 m sized model domain with a cutoff rigidity
of 3 GV, absolute air humidity of 10 gm™2 and shielding depth of 1032.9 gcm™2. For all simulation setups or unless other-
wise stated, the standard soil matrix (75% SiO5 and 25% Al,O3) (Kohli et al., 2023) with a bulk density of 1.43 gcm ™3 was
used. The setups comprised simulation scenarios with soil moisture values of 0.01, 0.04, 0.08, 0.10, 0.12, 0.16, 0.20, 0.30,
0.40, 0.50 cm® cm~3 in the 5m soil column. If the soil porosity was lower than the simulated soil moisture value, e.g. in
scenarios with higher soil bulk density, the maximum simulated soil moisture content was 0.40 cm® cm—3. The denser distri-
bution of soil moisture values around 0.10 cm® cm~3 is related to findings in previous studies (e.g., Rasche et al., 2021) which
found an increase of thermal neutron intensities in this range prior to a decrease for low soil moisture contents. The detector
is implemented as a layer of dry air from 1 to 1.5 m height above the ground. All neutrons passing this layer are extracted
and subsequently weighted according to the previously simulated DRF for bare and moderated detectors. Weights (detector
sensitivity, see Fig. 2) for each neutron energy level from the simulated DRF were assigned by binning neutrons passing the
virtual detector according to their energy and the specific energy levels modelled in the DRF simulations. For each simulation
scenario, the assigned weights were subsequently summed to derive the DRF-weighted neutron counts. In all these simulation
setups, different soil moisture contents, amounts of biomass, soil chemical compositions, water layers and soil bulk densities
are implemented homogeneously throughout the model domain. A detailed description of the different homogeneous setups is
given in the following sections. The vertical structure of the simulation setups is schematically shown in Fig. 1a-c for setups

with biomass/vegetation and water layers on the soil surface.
2.2.1 Soil chemistry

The first set of simulation scenarios focussed on the effect of variation in soil chemical composition. URANOS allows adding
selected chemical elements to the standard soil. For this study we added C, K, Mn, Na, Ti and Gd to the standard soil. Here,
we chose the average 90%-quantile (Q o) for top and subsoil as well as the overall average of these elements reported in
the Geochemical Atlas of Europe (Salminen et al., 2005). In addition, we simulated 6 setups by adding 0.001 gcm ™3 of one
element (C, K, Mn, Na and Ti) to the standard soil. Adding chemical elements to the standard soil in URANOS is designed
for trace amounts up to 0.001 gcm™3. For adding larger amounts as reported in Salminen et al. (2005), we rescaled the bulk
density of the soil in the simulation scenarios to maintain the same amount of solid soil material in the model domain. An

overview of all soil chemistry scenarios can be found in Tab. 1.



Setup

Table 1. Overview of the homogeneous simulation setups with different soil chemical compositions.

Description

Standard soil chemistry

Average of Europe

Qo C

Qoo K

Qo.o Mn

Qo.o Na

Qoo Ti

Q.9 Gd

0.001 gem™3 C
0.001 gcm 3 K
0.001 gem™3 Mn
0.001 gem™3 Na
0.001 gcm™2 Ti

URANOS standard soil with 75% SiO> and 25% Al>Os3

Standard soil + 0.024 gecm ™2 C + 0.025 gcm ™2 K + 0.00086 gcm ™2 Mn

+0.013 gecm ™2 Na +0.0051 gem™3 Ti +6.2:107% gem ™3 Gd
Standard soil + 0.046 gcm 3 C
Standard soil + 0.04 gcm™3 K
Standard soil + 0.0017 gcm™> Mn
Standard soil + 0.03 gcm ™3 Na
Standard soil + 0.0082 gcm ™3 Ti
Standard soil + 1-107% gecm ™3 Gd
Standard soil + 0.001 gcm ™3 C
Standard soil + 0.001 gecm ™3 K
Standard soil + 0.001 gcm ™ Mn
Standard soil + 0.001 gcm ™2 Na
Standard soil +0.001 gem ™3 Ti
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2.2.2 Biomass

The second set of simulation setups involved the simulation of different amounts of above-ground biomass. Therefore, we
added plant gas layers of different heights and densities below and above the detector layer within the model domain. The plant
gas in URANOS (> v1.0) consists of air plus a defined amount of C (14%), O (72%) and H (14%) in kg m—> representing
biomass (Kohli et al., 2023). Hence, biomass water equivalents (BWE, in kg m~2 or mm) can be estimated from wet biomass
(BM, in kg m~—?) by multiplication with a conversion factor of 0.86. The use of homogeneous material layers to represent
biomass in neutron transport models has been shown by Andreasen et al. (2017) to be sufficient for epithermal neutrons and is

therefore adapted for this study. An overview of all biomass scenarios can be found in Tab. 2.

Table 2. Overview of the homogeneous simulation setups with different amounts of above-ground biomass below and above the detector

layer.
Setup Description
1 m below, 1 kgm ™3 1 m height, 1 kg m~2 wet biomass, 0.86 mm BWE
1 m below, 3 kgm ™3 1 m height, 3 kg m~2 wet biomass, 2.58 mm BWE
1 m below, 5 kgm ™3 1 m height, 5 kg m~2 wet biomass, 4.30 mm BWE
1 m below, 8 kgm > 1 m height, 8 kgm~?2 wet biomass, 6.88 mm BWE
1 m below, 1 m above , 1 kg m~3 2.5 m height, 2 kg m~? wet biomass, 1.72 mm BWE

1 m below, 8.5 m above , 1 kg m~3 10 m height, 9.5 kg m~2 wet biomass, 8.17 mm BWE

1 m below, 18.5 m above , 1 kg m2 20m height, 19.5 kg m~2 wet biomass, 16.77 mm BWE
1 m below, 28.5 m above , 1 kg m™ 30m height, 29.5 kg m~2 wet biomass, 25.37 mm BWE
1 m below, 38.5 m above , 1 kg m2 40m height, 39.5 kg m~2 wet biomass, 33.97 mm BWE
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2.2.3 Water layers and soil bulk density variations

The last two sets of homogeneous simulation setups involved the variation of soil bulk density compared to the 1.43 gcm ™3 of
the standard soil and the addition of water layers on top of the soil to mimic snow and ponding water. For the soil bulk density
scenarios, the bulk density was either changed in the entire soil column or a more realistic gradual linear increase in soil bulk
density from the surface to 30 cm depth in 5 cm increments. An overview can be found in Tab. 3. For the water-layer setups,
an additional subset of different water layers above a soil with 0.04 cm® cm~3 and an above-ground BWE of 33.9 kg m~2 was

simulated, in order to investigate the impact of above-ground biomass on the response to snow and ponding water.

Table 3. Overview of the homogeneous simulation setups with different soil bulk densities and added water layers on top of the soil.

Setup Description

3 3

1.1 gem™ Uniform bulk density of 1.1 gecm™~ over the entire soil column (0-5 m)

3

1.7gem™ Uniform bulk density of 1.7 gecm ™2 over the entire soil column (0-5 m)

3 3

0.8-1.43 gcm™3  Non-uniform bulk density of 0.8 gcm™ in 0 cm depth to 1.43 gcm ™2 in 30 cm depth (avg. 1.32 gem™2)

3 3

1.0-1.43 gecm™2  Non-uniform bulk density of 1.0 gcm™ in 0 cm depth to 1.43 gcm ™2 in 30 cm depth (avg. 1.36 gecm ™)

1.2-1.43 gem™2  Non-uniform bulk density of 1.2 gecm™ in 0 cm depth to 1.43 gecm™? in 30 cm depth (avg. 1.39 gem™2)

lcm Water layer of 1 cm on top of soil
2.5cm Water layer of 2.5 cm on top of soil
Scm Water layer of 5 cm on top of soil
10cm Water layer of 10 cm on top of soil

2.3 Non-homogeneous setups: Simulation of the sensitive depth and radius

Established methods for defining the measurement footprint in CRNS research utilise the quantification of the terms Dgg and
Rgg to quantify the measurement depth and radius, i.e., the depth and radius from which 86% of detected neutrons originate.
In neutron transport simulations these can be calculated from the point of first soil contact of a neutron to the location of the
virtual neutron detector and the maximum depth reached during its lifetime (e.g., Kohli et al., 2015; Rasche et al., 2021) or by
taking all neutron interactions in the model domain into account. It should be noted that when DRF are used to evaluate model
simulations, the neutrons passing the virtual detector (see 2.2) as well as the calculated distances have to be weighted according
to the DRF. Therefore, weighted quantiles are derived following the approach in Akinshin (2023) in order to determine Dgg
and Rgg.

While there is some consensus for epithermal neutrons, different approaches have been used for thermal neutrons and bare
detectors. For example, Jakobi et al. (2021) use the point where a simulated neutron first reaches thermal energies which results
in smaller footprints and shallower interaction depths than those for epithermal neutrons. Rasche et al. (2021) found that this

definition would not explain the complete variability of thermal neutrons under heterogeneous soil moisture distributions and
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recommended using the same definition for epithermal and thermal neutrons. However, neither approach has yet been further
evaluated.

Against this background, instead of using Dgg and Rgg for which we pre-define the quantile (e.g., 86%-quantile) and the
calculation parameters (e.g., calculated using the point of first soil contact or maximum soil depth), we conducted additional
simulations to investigate the measurement footprint depth and radius without a pre-selected point to which distances are
calculated. For investigating the footprint depth, we simulated multiple scenarios with a soil layer on top of a water layer. In
each scenario the soil layer expands further downwards replacing more of the water layer underneath: in each scenario we
sequentially replaced 10 cm of the water layer with soil.

The soil depth at which changes have less than 1 % impact on measured neutrons in the detector layer is used as a threshold
for the definition of the footprint depth. In a similar manner, for the footprint radius, a soil island surrounded by water is
simulated with a 10 m-radius virtual detector in the centre of the model domain. The smallest island has a radius of 20 m and
with each additional simulation scenario, the soil island expands its radius by 20 m. The island radius at which changes have
less than 1 % impact on measured neutrons in the virtual detector is used as a threshold for the definition of the footprint radius.
Additionally, we simulated the radial expansion of clearing surrounding the virtual detector in a forest (vegetation height =
15m, BWE = 38.7 mm) and shrub (vegetation height = 2m, BWE = 5.2 mm) environment in 20 m increments to investigate
potential differences compared to the scenarios with a soil island surrounded by water. A schematic illustration of the three

non-homogenous simulation setups is given in Fig. 1d-f.



Homogeneous setups Non-homogeneous setups

a) Vegetation below and above detector (side view) d) Expanding soil layer (side view)
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b) Vegetation below only (side view) e) Expanding island in water (top view)
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density
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Soil I Detector
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c) Water layers on soil (side view) f) Expanding vegetation clearing (top view)
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— Water s
Soil Detector

- - -
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Figure 1. Schematic illustration of selected homogeneous simulation setups with biomass and water layers on the soil (a-c) and of the
non-homogeneous simulation setups with a vertically expanding soil layer (d), horizontally expanding soil island (e) and horizontal radial

expansion of a clearing in a vegetated area (f).
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3 Results and discussion
3.1 Response functions of bare and moderated detectors

The simulated detector response functions for a bare and a moderated detector are shown in Fig. 2. The simulated detector
response function of the moderated detector with a HDPE shielding of 25 mm is very similar to those simulated in previous
studies (Kohli et al., 2018; Weimar et al., 2020; McJannet et al., 2025): it is most sensitive to neutrons in the epithermal
energy range but also showing some sensitivity to lower-energy thermal and higher-energy fast neutrons. In contrast, the bare
detector is most sensitive to neutrons in the thermal energy range. Despite its exponential sensitivity decrease towards higher
energies, its signal also contains a fraction of epithermal neutrons, as shown by Andreasen et al. (2016). Depending on the
CRNS detector setup, a bare detector may be installed in close vicinity to a moderated detector (Zreda et al., 2012). Due to the
co-location with the HDPE shielding of the moderated detector, some impact of the neighbouring moderated detector on the
bare detector signal can be expected. Fig. 2 shows the impact of a co-located moderated detector with HDPE shielding (without
3He filled detector inside) positioned 10 cm from the bare detector. Its sensitivity shifts slightly towards higher energies being
less sensitive to the thermal and more sensitive to the epithermal energy range.

The impact of using detector response functions to evaluate neutron transport simulations, instead of thermal or epithermal
energy ranges, is illustrated in Fig. 3. The figure shows the signal response to changes in soil moisture. It is apparent how using
a specific energy range (0.2eV to 10keV), also referred to as an energy window in some studies (e.g., Kohli et al., 2021),
leads to a steeper response of the simulated neutron signal with increasing soil moisture compared to the use of a moderated
detector response function (Kohli et al., 2021). Hence and as shown in Kohli et al. (2021), neutron-to-soil moisture conversion
functions derived from neutron transport simulations differ if the simulations were evaluated with an energy window approach
or DRF. This also means that energy-window based conversion functions are less accurate, since they do not account for the
energy-dependent sensitivity of a real detector. In the case of thermal neutrons (below 0.2 eV) and of a bare detector response
function, this difference in response to soil moisture changes becomes even more apparent. By using a thermal energy window,
the neutron intensity first increases with increasing soil moisture and peaks at soil moisture values of 0.04 cm® cm~3. This
is followed by a continuous decrease with increasing soil moisture. Similar modelling results have been reported by Rasche
et al. (2021) and Desilets et al. (2010). This moderation optimum is caused by the competing processes of slowing down
(moderation) of epithermal neutrons to thermal energies and the absorption of thermal neutrons. From the soil moisture content
where the moderation optimum occurs, absorption of thermal neutrons through the additional hydrogen in soil water exceeds
their production through the slowing down of higher-energy epithermal neutrons. This moderation optimum is not present when
a bare detector response function is applied as this results in a monotonic decrease of neutron intensity with increasing soil
moisture. This can be explained with the contribution of hydrogen-sensitive epithermal neutrons to the bare detector signal and
underlines the differences in modelling results when evaluating the simulations with a thermal energy window or a bare detector
response function. As a consequence and depending on the simulation setup, conclusions which are drawn from neutron
transport simulations may be different if a detector response function is applied or energy window is used. The application of a

detector response function further illustrates that the response of a bare detector located 10 cm distance from a HDPE shielded

11
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Figure 2. Neutron energy spectrum for a standard soil with different soil moisture contents and their ratio. The detector response functions
(detector sensitivity) are shown for a moderated detector (25 mm HDPE shielding), a bare detector and a bare detector placed 10 cm distance
from moderated detector with 25 mm of HDPE shielding. Note that the step in the displayed detector sensitivity is due to the lowest simulated
neutron energy in the simulation setups for deriving the DRF. For simplicity, the sensitivity is assumed constant for all lower neutron energies.

The general classification of energy ranges follows Weimar et al. (2020).

moderated detector becomes steeper compared to a solitary bare detector. This is related to some epithermal neutrons being
slowed-down to thermal energies in the co-located HDPE moderator but are then back-scattered and subsequently detected
in the bare detector. Additionally, the absolute intensity observed by the bare detector next to the HDPE shielding increases
by ~ 7% averaged over all simulation scenarios shown in Fig. 3 compared to a solitary bare detector (not shown). This is in
a similar range of experimental findings by Brogi et al. (2025) who report an increase of =~ 8% in periods where moderated
detectors were placed in close vicinity to bare detectors in their study. However, it should be noted that, in the present study, the
co-located HDPE shielding was simulated without a He-filled detector tube inside which reduces the comparability with a real
setup where a moderated and bare detector are co-located. Furthermore, the angular distribution of neutrons, the orientation of
the detector (vertical or horizontal) as well as where the additional HDPE is located are likely to have an effect on whether the
bare detector counts more (due to more neutrons being slowed down by HDPE to thermal energies) or less neutrons (increased
shielding). For practical applications, bare detectors should therefore be placed at sufficient distance (e.g. > 30cm) to the
moderated detector or other hydrogen-rich objects such as tree stems to avoid large changes in the absolute intensity and

changes of the response to e.g. soil moisture changes. If the object is much larger than the detector itself, this distance needs to

12
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be increased. The influence of co-located instruments on each other should also be kept in mind when comparing observations
with results from this study, where both detector types were simulated as solitary instruments. Despite showing the potential
effect of additional moderating material close to the bare detector, the DRF approach remains a simplification and a detector-
specific analysis with more detailed detector geometries is required when assessing absolute detector count rates. Nevertheless,
the described findings underline the importance of using a detector response function to evaluate neutron transport simulations
for an improved comparison between neutron transport simulations and observed neutron data if other approaches such as the
cadmium difference method used in Andreasen et al. (2016, 2020, 2023) are not suitable. Although it can be expected that
some differences in the DRF will stem from the varying working principles, designs and geometries of different detectors, this
is a smaller difference compared to the difference between using a DRF or an energy window when evaluating results from

neutron transport simulations.

1.2

—| —e— Epithermal energy window —&—  Thermal energy window
—e— 25 mm HDPE response —=— Bare response
-®- Bare response (10 cm from 25 mm HDPE)

Neutron intensity N (a. u.)

T T T T T T
0 0.1 0.2 0.3 0.4 0.5

Soil moisture (cm3 cm'3)

Figure 3. Response of the relative neutron intensity to changes in soil moisture in a standard soil if a detector response function or the energy
window approach are used.

3.2 Response to soil moisture changes under different environmental conditions

3.2.1 Neutron intensity response

The response of a bare and moderated detector signal relative to the simulated intensity at a soil moisture content of 0.01

cm® cm™? in the individual setup (Tab. 1— 3) is shown in Fig. 4 and relative to the individual average intensity in Fig. Al
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for the homogeneous simulation setups. It can be seen that in all simulation setups, both the moderated and bare detector
respond to changes in soil moisture. However, the bare detector response is less steep compared to the moderated detector
and thus exhibits a lower signal-to-noise ratio, making it less favourable for the estimation of soil moisture, which is in line
with simulation results from previous studies (e.g., Zreda et al., 2008; Andreasen et al., 2017; Rasche et al., 2021). As shown
in Fig. 4a and b, the bare detector signal response to changes in soil moisture reveals a higher variability between simulation
scenarios with different soil chemical compositions compared to the moderated detector with a 25 mm HDPE shielding. As
a consequence, differences in soil chemical composition alter the response of the bare detector to changes in soil moisture
while the moderated detector is much less affected. Although these results are in line with findings from previous studies (e.g.,
Zreda et al., 2008), it should be noted that the total amount of additional chemical elements added to the standard soil in the
simulation scenarios partly exceeds the trace amounts (0.001 gcm™2) for which the respective URANOS functionality was
designed and, hence, these results come with additional uncertainty.

In this study, we not only derived detector response functions for a bare and a standard moderated detector with a HDPE
shielding of 25 mm thickness but also for a HDPE thickness ranging from 5 to 40 mm in order to investigate the impact of
soil chemistry depending on the thickness of the HDPE shielding. The results are shown in Fig. 5. The average range of
relative simulated values per moderator thickness over all simulation setups including different soil chemical composition
serves as an indicator for chemistry dependence (Fig. 5a). It can be seen that soil chemistry sensitivity decreases exponentially
with increasing thickness of the HDPE moderator detector. A shielding with 5mm and 10 mm HDPE already reduces the
dependence by 45 % and 69 %, respectively, compared to the reduction of 80 % for 25 mm. For thicker HDPE shieldings, the
reduction is comparably small. As shown in Fig. 5b for the standard soil and compared to a bare detector, the reduction of
simulated neutron intensities with increasing soil moisture becomes larger with increasing moderator thickness. The strongest
decrease with soil moisture is simulated for a moderated detector with a HDPE shielding of 20 mm, indicating that a slightly
thinner moderator may also be used for estimating soil moisture with CRNS. However, due to different detector surface areas
and volumes caused by the different moderator sizes as well as individual DRF, different average absolute neutron intensities
can be expected. This leads to different levels of statistical uncertainty and such considerations should be included in the
detector design (e.g., Weimar et al., 2020).

For changes in above-ground wet biomass, both the moderated and bare detector responses to soil moisture changes deviate
from the scenario without above-ground biomass (Fig. 4c-d). Hence, in contrast to differences in soil chemistry, biomass
changes not only change the absolute neutron intensities observed by bare and moderated detectors but also the response to soil
moisture changes. Here, it can be seen, that the bare detector response to soil moisture increases with increasing biomass below
the detector while the response of the moderated detector decreases (Fig. 4d). However, the response of both detectors does
not change monotonically if biomass changes occur above the detector (Fig. 4c). While the bare detector response becomes
generally steeper with increasing biomass, the steepness increases with 1 m biomass added but then decreases slightly with
more biomass added until it increases again for the scenario with highest biomass. The response of the moderated detector
to changes in soil moisture becomes smaller up to the scenario with 1 m below and 8.5 m biomass above the detector. The

response then increases again with increasing biomass. The point where this response changes its behaviour is consistent with
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Figure 4. Neutron response relative to the respective scenario with 0.01 cm® cm ™2 soil moisture in each simulation setup. Dashed lines with
squares represent bare detector intensities while solid lines with dots represent moderated detector (25 mm HDPE shielding) intensities. The

colours refer to the individual selected simulation setups listed in Tab. 1- 3.

the maximum intensity of the bare detector response with increasing biomass (Fig. 7a) underlining a complex behaviour of
both, moderated and bare detector signals with changes in both biomass and soil moisture at vegetated observation sites. Despite
this non-monotonic behaviour, the presented results also reveal that in many vegetated setups like a forest, the responses of
a bare and moderated detector to changes in soil moisture generally tend to become more similar than under conditions with
little or no vegetation (see also Fig. A2c).

Different soil bulk densities also change the response to soil moisture for moderated and bare detectors with a somewhat
stronger effect on the bare detector (Fig. 4e). Nevertheless, in this case, the direction of the effect is similar leading to an general
increase in the response with decreasing soil bulk density over the scenarios with uniform bulk density in the soil column and

increasing bulk density from the surface down to 30 cm depth. This is in line with what has been reported for epithermal
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Figure 5. Decreasing sensitivity to soil chemistry with increasing moderator thickness: Relative range of simulated neutron intensities per
HDPE moderator thickness averaged over all simulation setups with varying soil chemical composition Tab. 1 and its reduction relative to
the bare detector without HDPE shielding (a). Neutron signal response relative to the scenario with 0.01 cm® cm™2 per HDPE thickness for

the standard soil chemistry (b).

neutrons in previous studies (e.g., Kasner et al., 2022) and recently introduced transfer functions to convert soil moisture to
neutron intensities and vice versa include a scaling approach to account for the effect of different bulk densities (Kohli et al.,
2021). A water layer on top of the soil surface, representing ponding water or a layer of snow, leads to a decreased response of
the moderated detector signal to changes in soil moisture below the water layer (Fig. 4f). The water layer also affects the bare
detector signal, although here this trend is not monotonic. Compared to a scenario without water layer, the decrease in neutron
intensity with increasing soil moisture becomes stronger with a thin water layer of 1 and 2.5 cm. Then, with a water depth of
10 cm, the response decreases and becomes smaller than that without a water layer. This illustrates that although a moderation
optimum in absolute neutron intensities occurring in the thermal energy range and under very dry soil conditions may not
be visible in the bare detector signal due to the contribution of epithermal neutrons, other moderation optimum features can
still be present under specific environmental conditions. This makes the interpretation of observed bare detector signals more

complicated than those observed with moderated detectors.
3.2.2 Transfer function for neutron signals measured with bare detectors

While different transfer functions to derive soil moisture from moderated detector signals have been introduced in the last

15 years (Desilets et al., 2010; Franz et al., 2013; Kohli et al., 2021), a transfer function for the bare detector is currently
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lacking, largely because of the decreased response to soil moisture changes and because the higher complexity and variability
of the bare detector response to changes in soil moisture hampers the development of a generalised transfer function. However,
mathematically characterising the response of bare detector signals to changes in soil moisture is a prerequisite for a future
exploration of potential applications of bare detectors for environmental monitoring, e.g. for estimating uncertainties of biomass
products from bare detector signals which originate from underlying soil moisture dependencies. Based on the homogeneous
simulation scenarios listed in Tab. 1-3, we found that the change in the bare detector signal with soil moisture relative to
the intensity observed above a freshwater surface (e.g., a lake) where 6y, = 00 is well represented by the same hyperbolic

relationship:

7= P1 + P2 Ootal )

) (1
P1 + etotal p3
where
Nphi
 — 2
Nphiwuler
and
Ororal = Osm + Osom + 0w - 3

Solved for Oy, Eq. (1) becomes:

I
P1— P11 pr(pe—1
etotal =7 bs = ! ( 2 ) . (4)
= — Do I —paps

In Eq. (2), Npp; is the observed bare detector intensity corrected for variations in air pressure, high-energy cosmic radiation
and absolute air humidity. Note that the correction for absolute air humidity variations for neutrons observed with a bare
detector is different to those measured with a moderated detector as simulated in Rasche et al. (2023) and supported by

empirical evidence given in Schron et al. (2024) and Baatz et al. (2025). N,
3

hiwater 15 the intensity of the same detector above

a freshwater surface. In Eq. (3), the total soil water content 6y in cm cm~3 is the sum of the soil moisture content fgy, the

water equivalent of soil organic matter fsom and the amount of lattice water fpw. The fitted shape-giving parameters p; . 3
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show a distinct variability between the simulation setups which resembles the changing relationship between the bare detector
signal and soil moisture depending on soil chemistry, above-ground biomass, bulk density and water layers on the soil surface.
Individually fitted for all setups listed in Tab. 1, 2,3 using non-linear least squares, the parameter p; ranges from 0.06623 to
0.2712 (average = 0.1655, median = 0.1936), p, ranges from 0.2676 to 0.6473 (average = 0.3718, median = 0.3594) and p3
345 ranges from 1.638 to 6.267 (average = 3.166, median = 2.767). The fitted parameters for each individual scenario can be found
in Tab. Al. The variability in fitted parameters indicates in a change of the relationship between neutron intensity and soil

moisture depending on the environment.
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Figure 6. Simulated neutron intensities N of the bare detector relative to the simulated intensity above water Nwater (dots). Lines represent the
prediction from Eq. (1)- (3) with p1...3 = (0.1936,0.3639,2.733) and calibrated intensity above water. Root mean squared errors (RMSE)

are calculated over all setups shown in each the individual subplot.

For the simulation setup with standard soil chemistry and standard bulk density (1.43 gcm™?) but without biomass or water

layer, the fitted parameters p; 3 become 0.1936, 0.3639 and 2.733, respectively. If this standard parameter set is used for
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Eq. (1) in conjunction with replacing Gl by 6}y = Orotal - (1.43g°m_3 / psoil ) to account for differences in actual bulk density
psoil and simulated standard bulk density (see e.g., Kohli et al., 2021) and Ny, 18 calibrated for each setup, the fits shown
in Fig. 6 can be derived. Larger deviations between become apparent for some soil chemistry, biomass and water layer setups
which is also reflected by the RMSE values shown in Tab. Al. All RMSE values derived with the standard parameter set
(RMSE_ajibrated) are considerably higher compared to individually fitted parameters (RMSEingiviaua)- Especially, water layers
on top of the soil and increasing biomass cause increasing RMSE values. This again underlines a change of the relationship
between the neutron intensity of bare detectors and soil moisture. However, given that variations of the relationship between
neutron intensity and soil moisture can also be observed for epithermal neutron signals from moderated detectors (see e.g.,
Fig. 4d and f), the fit with the standard parameter set may be considered acceptable over a range of environmental conditions.
Acknowledging that deviations remain and that further research on transfer functions for bare detector intensities is required,
this shows that the same shape-giving parameters in Eq. (1) may be used as first model to predict local neutron intensities
of bare detectors if calibrated to the local conditions using reference soil moisture measurements in cm® cm™—3. It should be

noted that this calibrated intensity above water (IV,, ) then represents a mere calibration parameter which compensates for

hiwater
local site characteristics such as soil chemistry and above-ground biomass. Hence, if these influences have not been otherwise

corrected for, the calibrated N, is not directly comparable with the intensity measured with the same detector above

hiwater
water. This also applies for existing transfer functions developed for pure epithermal neutrons and neutrons measured with
moderated detectors. A correction of observed neutron intensities for, e.g., total biomass and its temporal changes, would
improve the comparability between the measured and locally calibrated intensity above water of the same neutron detector and
is discussed in chapter 3.3.

It should further be noted that Kohli et al. (2021) found a dependence of the response to soil moisture with absolute air
humidity for neutrons measured with moderated detectors. Even though the humidity dependence for bare detector signals is
likely to be reduced (Rasche et al., 2023; Schron et al., 2024; Baatz et al., 2025), it may still have an impact on derived neutron
intensities and soil moisture estimates from bare detector signals. Applying existing correction approaches for variations in air

humidity developed for neutron intensities from bare detectors (e.g., Rasche et al., 2023) in conjunction with Eq. (1)—(4) may

therefore only be seen as a first-order approximation and remains to be tested against measured data in future studies.
3.3 Response of neutron intensities to changes in biomass and water layers above the soil

In Fig. 4 and Fig. A1, a different response to soil moisture is illustrated if biomass or water layers mimicking snow or ponding
water are present. Our simulations further show how the absolute neutron intensities of bare and moderated detectors change if
these environmental boundary conditions change. As shown in Fig. 7, the neutron intensities of bare and moderated detectors
change differently with increasing biomass and water layer thickness on top of the soil surface. While the moderated intensities
decrease in a monotonic way, we see again moderation optimum features for bare detector intensities. This is expressed by
an intensity increase before the optimum, followed by a decrease, as thermal neutron absorption begins to dominate over

epithermal neutron moderation.
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3.3.1 Influence of biomass

Fig. 7a shows the response of the bare and moderated detectors signal to increasing biomass below and above the detector
(maximum vegetation height of 40 m above ground) under different soil moisture conditions. For all simulated soil moisture
conditions, the response changes with increasing biomass but the overall trends are somewhat different. For biomass above and
below the detector (Fig. 7a), moderated detector intensities continuously decrease with increasing biomass. On the contrary,
bare detector intensities increase up to a biomass water equivalent of around 8 mm, and then decrease for higher values. These
simulation results support findings from Baatz et al. (2015) and Vather et al. (2020) who observed an increase in neutrons
observed with the moderated detector after a forest clear-cut. At the same time, this clear-cut caused a decrease of neutrons from
the bare detector (Vather et al., 2020). For biomass water equivalents with changes below the virtual detector only (Fig. 7b),
the bare and moderated detector signal changes are highly similar and inversely linearly correlated. Compared to the case of
biomass above and below the detector (Fig. 7b vs Fig. 7a), the response of a moderated detector are very similar whereas bare
detector response is strongly reduced in the case of biomass confined below the detector. This supports conclusions drawn by
Jakobi et al. (2022) from experimental data suggesting the use of bare detector signals to directly correct moderated detector
signals for changes in biomass. However, the simulation results of this study suggest that the applicability of this approach is
limited to biomass changes that occur below the neutron detector.

In general, findings from this simulation-based study are in line with conceptual ideas and experimental findings in Jakobi
et al. (2022) and Brogi et al. (2025): above-ground BWE increases intensities measured by the bare detector through an
increased slowing-down (moderation) of epithermal neutrons and thereby reduces moderated detector intensities. Although
small and only occurring during higher simulated soil moisture contents, an increase in moderated detector intensities is visible
between the simulation scenario with wet biomass 1 m below as well as 1 m below and 1 m above the detector (Fig. A3a) which
further supports the conclusions from Jakobi et al. (2022) that tall vegetation growing at the installation height of the detector
increases neutron intensities measured by the moderated detector but once it overgrows the detector, moderated intensities
start to decrease again. This increase in moderated intensities is much smaller compared to the maximum reached by the bare
detector signal with the latter being reached at higher amounts of biomass.

The reduction in moderated neutron intensities with increasing BWE in the majority of scenarios shown in Fig. 7a and b is
visibly higher compared to what has been derived empirically in Baatz et al. (2015). Being one of the accepted approaches to
correct epithermal neutron intensities from moderated detectors for changes in BWE, the Baatz correction factor Cgwg can be

calculated as is as follows, where BWE is in units of mm:

Cpwe = (1—(8-BWE)) ™" o)

In their empirical work, Baatz et al. (2015) found 5 to be 0.005 which is less than half of the average value of 0.013 derived

from the neutron transport simulations in this work, which is well in line with findings from empirical studies (Jakobi et al.,
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Figure 7. Neutron response to changes in above-ground biomass water equivalents (BWE) above and below the virtual detector (a) and below
the virtual detector only (b) as well as water layers on top of the soil (c). For the scenarios with above-ground BWE, predicted responses
based on the inverted approach after Baatz et al. (2015), its adjustment based on this study (Eq. (5)) and the modification of the UTS (Eq. (6))
after Kohli et al. (2021) are shown as well. The different colour shades represent the different simulated soil moisture contents. For the same

simulation scenarios, the ratios between intensities simulated for the bare and moderated detector N,. (Eq. (8)— (9)) are shown (d-f).

2022; Morris et al., 2024). Values of 3 of -0.005, 0.011 and 0.015 have been reported by Jakobi et al. (2022) and Morris et al.
(2024) derived values between 0.006 and 0.017 with an average 3 of 0.011. Furthermore, the simulation results shed further
light on potential reasons for the differences between the empirically derived values. As empirically shown in Jakobi et al.
(2022) and simulated in this study, vegetation growing at the height of the detector can influence the relationship between
BWE and neutron intensity. At the same time, different soil moisture states may result in different estimates of 3 due to a
dependence of the response to changing BWE on soil moisture (Fig. 7a and b) which also includes a non-linearity in the
relationship. For correcting the inverse behaviour of thermal neutron signals from bare detectors, 3 in Eq. (5) becomes -0.0055
if only biomass changes below the detector are considered (Fig. 7b), while [ reaches -0.14 if BWE below and above the detector
up to 8.17 mm are taken into account (Fig. 7a, fit not shown). Due to biomass being implemented with a constant height of

1 m below the detector in the simulation setups of this study, the influence of increasing vegetation height below the detector
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in addition to a higher biomass density cannot be assessed. For the bare detector with an overall higher sensitivity to above-

ground biomass, a change of vegetation height below the detector could lead to a stronger signal response than suggested by the

results shown in Fig. 7b. It should be noted here that vegetation is implemented as a homogeneous plant gas layer, which poses

a further limitation. In fact, Andreasen et al. (2017) show different neutron responses a homogeneous vegetation layer well

430 represented epithermal neutron observations while more complex vegetation structures best fit thermal neutron observations.

Hence, additional research on the joint influences of biomass, vegetation height and geometries as well as soil moisture on bare

detector signals, rather than thermal neutron intensities, is required to further explore their usability in biomass estimation and
monitoring.

Given the non-linearity in the relationship between epithermal neutron signals from moderated detectors found in this study,

435 the recently introduced UTS (parameter set MCNP drf) by Kohli et al. (2021) is used to include the non-linear effect of BWE

on soil moisture estimates as follows:

+p2 6, ~pe b,
Npi=Np- (W - (p3 +pa(h+BWE - pg)+psh?) + e Po%u (pr +pg (h+ BWE - p1o + BWE? -pu)), (6)
total

440 where

1.43gcm—3
Psoil

0! a1 = (Osm + Osom + Orw) - @)

This modified UTS predicts the neutron intensity based on total soil water content and absolute air humidity and therefore,
445 the predicted neutron intensity represents the intensity corrected for variations in atmospheric pressure and incoming primary
neutron flux N,;. The parameter N represents the average neutron intensity of the same neutron detector under the boundary

3 011173 com-

conditions defined in the neutron transport simulations for deriving the UTS. 6,4 is the total water content in cm
prising soil moisture content sy, soil moisture equivalent from soil organic matter fsoy and lattice water content 0w which is
then scaled by the local soil bulk density at the study site pso; (Kohli et al., 2021). The shape-giving parameters p; .. g have been
450 derived by Kohli et al. (2021) while pg. 11 = (1.907,4.0180,—0.1425) have been derived from the simulations in this study.
The BWE is the above-ground biomass water equivalent in kg cm~2 (or mm) and Eq. (6) may be used with BWE values < 40
kg m~2. Note that py_ 11 are only valid in conjunction with p; g = (0.0280,0.254,1.094, —0.0088,0.0001150, 3.537,0.139, —0.00140).
A comparison of the different biomass correction approaches can be found in Fig. 8. Compared to no biomass correction or
the original approach after Baatz et al. (2015), an improved representation of the simulated moderated neutron intensities can

455 be achieved by using the UTS if the adjusted coefficient of 0.013 mm~! BWE is used in Eq. (5) or by using the modified UTS
(Eq. (6)). While these results confirm findings of previous studies that an adjustment of the original S derived by Baatz et al.
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(2015) may be necessary, a thorough assessment of the modified UTS in Eq. (6) with integrated correction for BWE is beyond
the scope of this study. Nevertheless, from a practical point of view, the findings from this study suggest that Eq. 5 with a § of
0.013 instead of 0.005 mm~' BWE should be used for correcting neutron signals from moderated detectors for variations in

460 above-ground biomass.
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Figure 8. Comparison between the different approaches to predict simulated neutron intensities from the scenarios with biomass water
equivalents (BWE) in Tab. 2 using the UTS in its original form without accounting for BWE, with accounting for BWE using the inverted
BWE correction after Baatz et al. (2015), the adjusted Baatz approach (5 = 0.013) and the modification of the UTS which are both based
on the neutron transport simulations of this study. At the significance level of o = 5%, the mean absolute difference between simulated and

predicted values of both adjusted methods (Fig. 8c and 8d) is significantly lower than the original approach shown in Fig. 8b.

3.3.2 Influence of water layers on the soil

For water layers on the soil surface (Fig. 7c), a moderation optimum for bare detector intensities can be found between a water
layer thickness of 1 and 2.5 cm which is in line with findings from e.g., Brall et al. (2021) for thermal neutrons. In addition,

Bogena et al. (2020) showed in measured data that bare detector intensities increase for thin snow layers but decrease for thicker
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snow layers. In contrast, intensities measured with moderated detectors always decreased with snow height. The simulation
scenarios in this study representing all above-surface water as a liquid water layer support these observations. Although this has
been done in previous studies (e.g., Brall et al., 2021), representing snow as a water layer remains a simplification which does
not fully account for the lower density of snow. For example, similar to layers of biomass, snow layers with heights approaching
or exceeding the height of the detector are likely to lead to a different response despite containing the same amount of a water
layer with lower height. Therefore, the results of the simulations conducted in the scope of this study are only valid for snow

layers of heights up to approx. 30 cm (at a snow density of 0.3 g cm™3).
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Figure 9. Neutron response of a bare and moderated detector to water layers on top of the soil without (a) and with biomass (b) for an
exemplary soil moisture content of 0.04 cm® cm 2. Note the smaller increase (moderation optimum) of bare intensities for thin water layers

in the simulation scenarios with above-ground BWE.

For bare detector signals, the neutron intensity increase for thin water layers depends on the soil moisture content with a
stronger increase being visible for low soil moisture contents. Furthermore, additional simulation results for a soil moisture
content of 0.04 cm® cm™3 show that the response of a moderated and a bare detector to water layers above the soil changes
when above-ground biomass is added to the simulation setup (Fig. 9). The moderation optimum in the bare detector signal
becomes smaller and also the moderated detector signal responds less to changes in water layer thickness. Hence, for estimating
snow heights and water equivalents by utilising the different response of bare and moderated detector signals one may need
to include the site-specific amount of above-ground biomass as well as other hydrogen pools such as soil organic matter
present in addition to soil moisture. This is supported by measured data from a CRNS observation in north-eastern Germany
(site Serrahn, (Bogena et al., 2022)) shown in the appendix (Fig. C2). The site is located in a forest and during periods with
estimated maximum snow heights of ~ 15 cm no distinct increase of the bare detector signal is visible. Yet, the small size of the

dataset and missing information of measured snow water equivalents need to be considered when interpreting the observation
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data shown. This underlines the need for further research using field measurements such as the study by Bogena et al. (2020)
at sites with different amounts of BWE and average soil moisture and to evaluate findings from simulation-based studies.

At very dry sites without dense vegetation cover and if only the top few centimetres of the soil are getting wetted during
small rainfall events, this distinct vertical heterogeneity of soil moisture may act similar to a thin water (or snow) layer on top
of the soil surface. This explains observed neutron intensities shown in Fig. C1 from a observation site in northern Australia
(Oak Valley, (McJannet et al., 2025)) where bare detector intensities increase during small but not during larger rainfall events
in periods with low soil moisture, while moderated detector intensities show a decrease in all cases. On the one hand, this needs
to be considered when using e.g., Eq. (1)—(4) to derive soil moisture from neutrons observed with bare detectors. On the other
hand, this suggests that bare detector signals could be used to derive information on the vertical distribution of soil moisture
during dry periods. However, the visibility of a bare detector signal increase due to a vertically heterogenous wetting of the
soil or thin layers of water and snow on the soil surface also depends on the temporal aggregation and smoothing of observed

neutron intensities as well as simultaneously changing soil moisture contents underneath a water (or snow) layer.
3.4 Neutron ratio and the relationship between bare and moderated signals

Previous studies investigating the potential of neutrons observed with bare detectors in the context of CRNS often refer to the
neutron ratio N, i.e., the ratio of the corrected bare and moderated detector signal for estimating snow heights (Bogena et al.,
2020) and biomass water equivalents (e.g., Tian et al., 2016; Jakobi et al., 2018, 2022). The neutron ratio may be defined as
follows by using the corrected neutron intensities directly or by using intensities relative to their respective average Nppi,. e

and Nppi,,..:

Nphig
Nr — PhRbare (8)
Nphimodem(ed
or
NT — Nphibare . Nghimodera!ed (9)

N, PNimoderated N, Phivare

For the purpose of estimating BWE, snow heights and snow water equivalents, /NV,. would be most advantageous if it removes
the dependence of soil moisture present in the bare and moderated detector signal and only preserves a residual signal origi-
nating from changes in above-ground biomass or from the accumulation of water or snow on the soil surface. However, unlike
Andreasen et al. (2017) who only found a dependence of neutron ratios on soil moisture from observation data but not from

neutron transport simulations, the simulations conducted in this current study reveal a clear dependence of neutron ratios on

25



515

520

525

530

535

540

545

soil moisture as shown in Fig. 10. Due to the different response of bare and moderated detector signals to soil moisture, the ef-
fect does not cancel over the entire simulated soil moisture range and hence, the neutron ratio remains soil moisture dependent.
This also explains the soil moisture dependence of the neutron ratios visible in observation data (Fig. C1 and Fig. C2). This
suggests that soil moisture variations need to be considered when neutron ratios are used for the direct estimation of snow and
biomass water equivalents. Tian et al. (2016) show an increase of IV,. with increasing BWE and snow water equivalents which
is in line with the findings in this study (Fig. 7d-f). However, Jakobi et al. (2018, 2022) only find a clear relationship between
N, and BWE for sugar beets but not for other crops. Based on our generalised neutron transport simulations, this could be
linked to changing soil moisture conditions affecting N, as well as a weaker relationship between /N, and BWE when the latter
changes below the detector, only. As defined in Eq. (8) and Eq. (9), N, is positively correlated with soil moisture and BWE.
As a consequence, for example, decreasing soil moisture contents during the growing season may lead to a decrease in N,
which then strongly reduces or even cancels out the increase of N,. caused by increasing BWE. As described in the previous
chapter, this is likely to be further influenced by species-dependent plant traits such as plant height. The dependence of IV, on
soil moisture, BWE and snow water equivalents (or water layers on top of the soil) reduces the practical applicability of N,
for estimating BWE or snow water equivalents. Nevertheless, the knowledge of these dependencies gained from simulations
presented in this study may facilitate an improved analysis of the potential and limitations of N, for future CRNS studies.

In addition to N,., the potential of a combination of bare and moderated detector signals has been explored by Rasche
et al. (2021) who used Spearman’s rank correlation coefficient between the relative intensities of both detectors to derive
information on heterogeneous soil moisture distributions around the instruments. Some initial simulation results showed that
heterogeneous soil moisture distributions can affect the relationship between bare and moderated detector signals (Rasche et al.,
2021). However, in this study, the simulation results from various scenarios and setups with a uniform soil moisture content
throughout the model domain (Fig. A2) revealed that this relationship is also influenced by changing amounts of above-ground
BWE and water on top of the soil surface. As a consequence, the proposed approach by Rasche et al. (2021) may only be
applicable at sites where the amount of above-ground biomass and other hydrogen pools can be assumed to be (quasi-) static.
Nevertheless, Fig. A2 also shows that the relationship tends to be closer to a 1:1 relationship when the soil moisture is high
and deviates if the soil moisture is low. This tends also to be the case for higher amounts of above-ground BWE and SWE. The
former is somewhat in line with the observed data shown in Rasche et al. (2021) which indicates that the relationship between

bare and moderated detector signals could yield some yet unexplored use of CRNS.
3.5 Sensitive measurement radius and depth
3.5.1 Homogeneous simulation setups

In this study, the footprint radius Rgs and footprint depth Dgg are calculated as the 86%-quantile of distances to the point of
first soil contact of all detected neutrons in the model domain and their maximum depth in the model domain, respectively. Rgg
and Dgg for the different, homogeneous simulation scenarios using the detector response function are shown in Fig. B1 and

Fig. B2. The values lie in a comparable range to what has been stated in Kohli et al. (2015). For a moderated detector and over all
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Figure 10. Neutron ratios between the bare and moderated detector (25 mm HDPE) relative to the respective scenario with 0.01 cm®em™3

soil moisture in each simulation setup. The colours refer to the individual selected simulation setups listed in Tab. 1- 3.

scenarios, the derived average Rgg is 154 m (median = 168 m) if a detector response function is applied and weighted quantiles
are calculated, or 163 m (median = 178 m) using the energy window approach (not shown). Similarly, an average Dgg of 33 cm
(median = 29 cm) and 31 cm (median = 27 cm) can be derived, respectively, which shows that the impact of the moderated
detector response function on the derived sensitive footprint is rather small. Similarly, for the bare detector, the average Rgg is
135 m (median = 145 m) using the detector response function and 130 m (median = 141 m) for the energy window approach,
respectively. On average, Rgg of the bare detector is 12.5% and 19.8% smaller that that of a moderated detector, depending
on if a detector response function is applied to evaluate the neutron transport simulations or if a the simplified energy window
thresholds are used. In contrast to a smaller Rgg, the Dgg of a bare detector is on average 34 and 43% deeper with values of
44 cm (median = 38 cm) and 45 cm (median = 39 cm), respectively. These results indicate that the use of DRF is important

for simulating the response of neutron intensities to changes in e.g., soil moisture but might be less important for determining
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Rgs and Dgg based on the point of first soil contact and maximum depth, respectively. Interestingly, changes in BWE amounts
strongly affected Rgg and, in the scenarios with high BWE (Fig. B1c), the measurement radius of bare and moderated detectors
reached values of less than 30 m, with slightly larger values for the bare compared to the moderated detector. For epithermal
neutrons, similar findings have been described by Kohli et al. (2015). Although the implementation of vegetation is rather
simplified in these setups, the results may be a first indicator that the footprint at densely vegetated measurement sites such as
forests could be much smaller than the range of 100-200 m currently accepted in the community.

Although the slightly smaller footprint radius but larger footprint depth of the bare detector is in line with simulation-based
findings from Rasche et al. (2021), the derived radius and depth strongly depend on how the footprints are calculated from
neutron transport simulations. This has been underlined by Rasche et al. (2021) who show the differences if the point of first
soil contact or the point of thermalisation are used to calculate the sensitive depth and radius of thermal neutrons. If the latter
is used, Rgg and Dgg are less dependent on soil moisture, Rgg is relatively constant between 40 and 50 m and Dygg is slightly
smaller compared to epithermal neutrons. These calculated values are similar to those reported by Jakobi et al. (2021) who

used the same definition to estimate the sensitive footprint for thermal neutrons from neutron transport simulations.
3.5.2 Non-homogeneous simulation setups

In order to shed more light on how to estimate the footprint radius and depth for bare detector signals, we conducted additional
and non-homogeneous simulation setups. First, we conducted a vertically expanding soil setup to gain more information on the
sensitive depth (Fig. 1a). In Fig. 11, it can be seen that the signal of a bare and moderated detector increase when more water
is replaced with soil. This occurs for both simulated soil moisture contents. The threshold at which the simulated intensity
changes less than 1% to the previous scenario is reached later for the bare detector compared to the moderated detector. Also, a
dependence of this threshold on soil moisture content can be observed. Without previous assumptions on how to calculate the
footprint depth, these simulation-based results confirm findings from Rasche et al. (2021) that neutron signals observed with
a bare detector have a larger measurement depth compared to moderated detector signals. Thus, for both moderated and bare
detectors, the use of a DRF and of the maximum depth reached by all detected neutrons should be applied when calculating
Dgg from neutron transport simulations.

A similar simulation experiment was conducted for Rgg (Fig. 1b). Here, an expanding soil island with different soil moisture
contents was simulated to investigate the signal response of a bare and a moderated detector. In contrast to the vertically
expanding soil thickness scenarios used to investigate Dgg, the 1%-threshold is reached earlier for the bare detector compared
to the moderated detector and a dependence on soil water content is also seen here (Fig. 12). This again confirms findings by
Rasche et al. (2021) that the same definition (i.e., point of first soil contact) should be used with DRFs to estimate the footprints
of bare and moderated detector signals. It also underlines that the results shown in Fig. B1 and Fig. B2 provide reasonable
estimates of the measurement radius and depth of bare and moderated detectors under various environmental conditions.

Due to the distinct difference in response between bare and moderated detector signals to changes in above-ground BWE, we
also set up horizontally heterogeneous simulation scenarios with an expanding clearing of vegetation instead of an expanding

soil island in a water-filled model domain (Fig. 1c). Fig. 13 shows the results for two setups with higher (panel a) and lower
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Figure 11. Simulation results for the simulation experiment with an vertically expanding soil layer in 10 cm increments for a bare and a
moderated detector and two different soil moisture contents. Dashed vertical lines indicate when the threshold of a change (increase) less

than 1% to the previous scenario is reached.

(panel b) vegetation height and BWE. It is apparent that the bare and moderated detector signals behave differently in these
scenarios, and that such difference is larger when soil moisture is lower (Fig. 13a). In general, the moderated detector intensities
increase continuously with increasing distance to vegetation and the response is stronger with higher vegetation. The bare
detector intensities, instead, decrease rapidly up to around 40-50 m distance before a rather constant behaviour up to 100 m
distance and a later increase. The increase beyond 100 m is similar to that of the moderated neutron intensities. This behaviour
is seen for both simulated soil moisture contents in the forest setup (Fig. 13a) but only for the lower simulated soil moisture of
0.04 cm?® cm™—2 when less vegetation is present (Fig. 13b). These bare detector responses are different compared to those of an
expanding soil island (shown in Fig. 12). Also, they indicate that a large fraction of the difference between moderated and bare
detector signal responses shown in Fig. 7 are likely to arise from the first ~ 50 m around the neutron detector. This is also the
distance in which detected neutrons reach thermal energies prior to reaching the virtual detector (Jakobi et al., 2021; Rasche
et al., 2021). As a consequence, the weighting functions derived by Jakobi et al. (2021) for neutrons in the thermal energy
range, could be used to describe the sub-footprint of the bare detector in which sensitivity to BWE, snow water equivalents and
soil chemistry is highest. Nevertheless, if BWE changes occur in distances Z 50 m and beyond, the response of bare detector
signals to changes in BWE will be different to what is shown in Fig. 7 and can be expected to become more similar to the

response of moderated detector signals. When taken to real-world measurements, these findings suggest that bare detectors may
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Figure 12. Simulation results for the simulation experiment with an horizontally expanding soil island in 20 m increments for a bare and a
moderated detector (10 m radius) and different soil moisture contents. A hyperbolic function of the same type as Eq. (1) is fitted to the data

(lines). Dashed vertical lines indicate when the fitted data reach a threshold of a change (increase) less than 1% to the previous scenario.

only be used to monitor BWE changes up to the 40-50 m distance of thermalisation found by Jakobi et al. (2021) and Rasche
et al. (2021). Beyond such distance and especially if BWE changes are non-homogeneous in space, monitoring of BWE with
bare detectors may not be possible. This can also be expected to hold true for non-homogeneous distributions of snow water
equivalents around the instrument with an increase in bare but a decrease in moderated intensities when snow is located within
~ 50 m radius, only.

The larger footprint radius and deeper measurement depth of the bare detector also has practical implications when refer-
ence soil moisture information are weighted for calibrating neutron-to-soil moisture transfer functions using observation data.
Although the first set of weighting functions developed by Jakobi et al. (2021) can be expected to be valid for the thermal part
of the life of a detected neutron only, it may pose a valuable tool for describing the soil moisture sensitivity of bare detectors
in their near-field (= 50 m) radius where their signals are also most sensitive to e.g., changes in BWE. However, following the
results of the present study, these first weighting functions are not sufficient to describe the entire footprint of bare detector
signals in terms of soil moisture sensitivity. As a consequence, a set of weighting functions similar to those developed in Kohli
et al. (2015) and Schron et al. (2017) for epithermal neutrons are required which include the entire life of a detected thermal
neutron as well as a different sensitivity to BWE and absolute air humidity. Different soil chemical compositions may also need

to be considered. Despite the average differences in Rgg and Dgg between neutrons from moderated detectors and neutrons
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Figure 13. Simulation results for the simulation experiment with an horizontally expanding clearing in a vegetated area with higher (a) and

lower (b) BWE representing forest and shrubs. The clearing expands in 20 m increments with a constant virtual detector radius of 10 m.

from bare detectors, a much larger horizontal footprint radius than derived by Jakobi et al. (2021) as well as a stronger soil
moisture dependency was found in this study. This is further amplified by the use of detector response functions instead of
selected energy windows. Therefore, using the same weighting functions developed by Schron et al. (2017) for epithermal
neutrons also for thermal neutrons and thus, bare detectors may be a more suitable first-order approach to represent the en-
tire sensitive footprint. Nevertheless, designated weighting approaches for neutrons from bare detectors remain an important
knowledge gap and should be investigated in future studies to further increase the applicability of bare detector signals in the

scope of CRNS.

4 Conclusions

This study provides the first generalised comparison of the complex response of bare and moderated low-energy neutron
detector signals to changes in soil moisture under a broad range of environmental conditions. Based on our results, we conclude
that a paradigm shift is necessary on how we interpret these two types of neutron signals. Moderated and bare detector signals
can no longer be treated as being independent from single environmental variables nor be used for independently estimating
soil moisture, biomass or snow water equivalents since we revealed that neutron signals respond to different hydrogen pools in

a complex, sometimes counter-intuitive manner.
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Neutrons observed with bare (unmoderated) detectors respond differently to the environment compared to neutrons observed
with moderated detectors. Furthermore, the simulated response of both, bare and moderated detectors, is sensitive to the choice
of energy thresholds (energy windows) and detector response function used in the model to mimic the sensitivity of real
neutron detectors. This study showed the benefit of using detector response functions for enhancing the comparability between
simulation results and observations. However, it should be noted that the main results of this study were derived for solitary
bare and moderated detectors, while many operational CRNS stations use co-located detector setups. As shown in section 3.1,
co-location with HDPE shielding can shift the bare detector response function and increase absolute count rates which means
that the quantitative transfer of the presented results to specific co-located detector configurations may require additional site-
and setup-specific assessments.

While bare detector signals always respond to soil moisture changes, this response is less intense than the response of
moderated detectors. In contrast, the response of bare detectors to changes in biomass (i.e. BWE) and water layers on top of
the soil (e.g., as snow) is distinctly different from that of moderated detectors. Nevertheless, our simulations also highlight the
dependence of epithermal neutron signals from moderated detectors to changes in water layers on top of the soil (e.g., snow),
BWE and biomass height and provide new, simulation-based correction approaches. Due to the different sensitivity of bare
and moderated detectors to soil moisture, the often used neutron ratios for deriving BWE or snow are likewise influenced by
soil moisture. Consequently, their use for these purposes is limited and care needs to be taken when neutron ratios are used to
derive snow or biomass changes from CRNS.

The results of this study also highlight that the footprint depth and radius for bare detectors with respect to soil moisture
is larger than assumed in previous studies. While this holds true for both, using an energy window or applying a detector
response function to mimic a bare detector, some clarification for real-world CRNS applications is necessary. For example,
while biomass changes within ~ 50 m radius are responsible for the contrasting response of bare and moderated detector
signals, changes occurring beyond this distance will lead to a rather similar, monotonic response for both bare and moderated
detectors. This is due to fact that detected thermal neutrons reach thermal energies within ~ 50 m radius around the detector,
and thus this distance represents the sensitive radius of their thermal life stage before detection. Here, their response can be
expected to differ most from epithermal neutrons. However, our results also highlight that measured thermal neutron intensities
carry information on environmental variables beyond ~ 50 m distance and thus, originating from the life stage as higher-energy
epithermal neutrons. This is the case, for example, for soil moisture variations at larger distances that influence the number
of epithermal neutrons that can reach the ~ 50 m radius from the instrument and thus have a chance of being thermalised
and detected. However, the characteristic dependencies of thermal neutron signals (that are absent or contrary for epithermal
neutron signals) with soil chemistry, biomass and snow can be expected to originate largely from distances < 50 m. This leads
to the conclusion that estimating changes and monitoring BWE or snow water equivalents with bare detectors is most effective
within the thermalisation radius. Beyond such distance, changes in these environmental variables will likely have a minor and
different effect on bare detector count rates which may well prevent their estimation. It should be noted that these conclusions
are not limited to neutron signals observed with bare detectors which also contain fractions of higher-energy neutrons, but

affects detected thermal neutrons in general.
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Table 4. Key implications for practical applications of CRNS derived from this study.

Topic

Detector type

Recommendation

Detector co-location
Influence of

soil chemistry
Interaction of biomass

and soil moisture

Biomass correction

Sensitivity to

soil moisture

Biomass & snow

Footprint & depth

Neutron ratio N,

moderated, bare

moderated, bare

moderated, bare

moderated

bare

bare

bare

ratio

A separation of > 30 cm between bare and moderated tubes is sufficient to reduce co-
location effects on absolute intensities and soil moisture response.

Even adding a thin HDPE moderator to a bare detector strongly reduces its dependence
on soil chemistry by shifting its sensitivity from thermal towards higher energies.
Biomass alters the soil moisture response of both detectors; vegetation cover must
therefore be accounted for when estimating snow water equivalents with CRNS.

The linear correction by Baatz et al. (2015) is applicable with a modified coefficient of
£ =0.013mm™! of biomass water equivalent, confirming findings from e.g. Morris
et al. (2024).

Bare detector sensitivity to soil moisture is smaller than that of the moderated detector
(Eq. (1)- (4)) but must still be considered when deriving biomass or snow from bare
signals.

The effects of biomass and snow on neutrons detected by bare and moderated detectors
can be opposite and may even exceed the soil moisture response of bare detectors.
Additional dependency on soil moisture should be accounted for.

Bare detectors have a smaller horizontal footprint but greater depth sensitivity. In-
fluences of biomass, snow, and soil chemistry originate within ~ 50 m and this zone
warrants close attention in bare detector applications.

The complex soil moisture dependence of [V, must be taken into account when the

ratio is used for biomass or snow estimation

Despite using simplified simulation setups, the results in this study are generally in line with empirical findings from obser-

vation data and support the theoretical concepts derived in previous studies concerning the response and potential applications
of bare and moderated detectors. While the limited comparability of these generalised simulations with complex and hetero-
geneous real-world conditions is apparent, this study is of value for better understanding and interpreting observed neutron
signals at specific real-world observation sites with key implications for practical applications being summarised in Tab. 4.
Finally, the presented results and findings may serve as a starting point for the design of site-specific simulation studies as well
as generalised but more detailed neutron transport simulations to investigate neutron signal responses to changes in biomass

and snow water equivalents, their geometry, and spatio-temporal distribution around the neutron detector.

Data availability. Post-processed simulation data is available via GFZ Data Services (https://doi.org/10.5880/GFZ.RD0Q.2026.003). The

remaining data is available from the authors upon request.
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Appendix A: Simulated neutron intensity response
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Figure Al. Neutron response relative to the respective average in each simulation setup. Dashed lines with squares represent bare detector
intensities while solid lines with dots represent moderated detector (25 mm HDPE shielding) intensities. The colours refer to the individual

selected simulation setups listed in Tab. 1- 3.
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Figure A2. Relationship between the relative bare and moderated detector intensities in each simulation setup. The colours refer to the

individual selected simulation setups listed in Tab. 1- 3.
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Table A1. Parameters p1...3 in Eq. (1) and Eq. (4) fitted for the individual simulation setups. RMSE values are shown per setup for individually
fitted parameters p1...3 (RMSEindividua) and for the parameters of the standard soil chemistry but with calibrated reference intensity above

water Nwater and rescaled soil bulk density (RMSEcaiibraed) as displayed in Fig. 6.

Variable Setup D1 D2 D3 RMSEindividuat  RMSE-calibrated
Standard soil chemistry 0.1936  0.3639 2.733 0.0040 -
Average of Europe 0.2315  0.4992  2.090 0.0047 0.0936
Qo C 0.1914 03547 2.784 0.0047 0.0099
Qo K 02712 04107 2.274 0.0064 0.0698
Qp.9 Mn 02114 03655 2.634 0.0079 0.0162
Qu¢ Na 02226  0.3621 2.601 0.0032 0.0199
Soil chemistry Qg o Ti 0.2239  0.3943 2476 0.0064 0.0397
Qu.o Gd 0.2042  0.4491 2313 0.0086 0.0603
0.00l gecm ™2 C 0.1969  0.3548 2.741 0.0059 0.0076
0.001gem™ K 0.2049  0.3562 2.710 0.0047 0.0066
0.001gecm™ Mn 0.2062  0.3646 2.663 0.0070 0.0121
0.001 gcm ™ Na 0.1975  0.3594 2.726 0.0058 0.0061
0.001gem™® Ti 0.2096  0.3540 2.694 0.0090 0.0112
1 m below, 1kgm™3 0.1225  0.3627 3.048 0.0112 0.072
1 m below, 3kgm ™3 0.1231  0.3638  3.049 0.0104 0.0703
1 m below, Skgm ™3 0.1047  0.3568 3.188 0.0165 0.1016
1 m below, 8kgm > 0.08682 0.3422  3.389 0.0201 0.1452
Biomass 1 m below, 1 m above , 1 kg m~3 0.1190 0.3684 4.038 0.0196 0.0952
1 m below, 8.5 m above , 1 kg m~3 0.1307 0.3924 6.267 0.0274 0.0887
1 m below, 18.5m above , ILkgm™  0.1283  0.3873  5.940 0.0306 0.0958
1 m below, 28.5m above , Lkgm™  0.1260  0.3528 5.433 0.0236 0.1358
1 m below, 38.5m above,, ILkgm™  0.1239  0.3278  5.068 0.0219 0.1655
l.lgem™3 0.1500  0.3550 2.744 0.0073 0.0093
1.7gem™3 0.2551  0.3266 2.730 0.0099 0.0136
Bulk density 0.8-1.43gcm™3 0.1938  0.2676 2.854 0.0157 0.0675
1.0-1.43gcm ™3 0.2016  0.2908 2.801 0.0154 0.047
1.2-1.43gcm™3 02052  0.3180 2.767 0.0059 0.0245
lcm 0.08207 0.3403 3.478 0.0211 0.1574
Water layers 2.5cm 0.06623  0.3336 3.511 0.0211 0.1871
S5cm 0.06661 0.4036 2.775 0.0125 0.0993
10cm 0.08092 0.6473  1.638 0.0044 0.1059
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Figure A3. Detail plot of the neutron response to changes in above-ground biomass water equivalents (BWE) above and below the virtual
moderated (a) and bare (b) detector. The moderated detector intensity increases from the setup with biomass below the detector to above
and below the detector for higher soil moisture contents. For lower soil moisture contents, a continuous decrease can be observed. The bare

detector intensities increase for all simulated soil moisture contents.

37



680 Appendix B: Estimated footprint radius and depth
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Figure B1. Calculated Rse using the detector response functions for a bare and moderated detector for each simulation setup. Dashed lines
with squares represent bare detector intensities while solid lines with dots represent moderated detector (25 mm HDPE shielding) intensities.

The colours refer to the individual selected simulation setups listed in Tab. 1— 3.

38



Soil chemistry: 90 % quantiles
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Figure B2. Calculated Dsgg using the detector response functions for a bare and moderated detector for each simulation setup. Dashed lines
with squares represent bare detector intensities while solid lines with dots represent moderated detector (25 mm HDPE shielding) intensities.

The colours refer to the individual selected simulation setups listed in Tab. 1— 3.
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Appendix C: Observation data

Oak Valley, Australia (Grassland)
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Figure C1. Observed and corrected neutron intensities, neutron ratios, precipitation and arithmetic average reference soil moisture for the Oak
Valley grassland site in north-eastern Australia (e.g., see McJannet et al., 2025). Neutron intensities were corrected for incoming high-energy
neutron intensities using the approach after McJannet and Desilets (2023) and the neutron monitor JU NG in Switzerland (www.nmdb.eu,
last access: 01-10-2025), air pressure and absolute air humidity after Rosolem et al. (2013) and Rasche et al. (2023). Bare and moderated
detector intensities were smoothed with a 25h and 13 h moving average, respectively. Note the increase of bare intensities during small

rainfall events when the soil is dry (grey shaded zones).
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Serrahn, Germany (Forest)
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Figure C2. Observed and corrected neutron intensities, neutron ratios, precipitation and arithmetic average reference soil moisture for the
Serrahn forest site in north-eastern Germany (e.g., see Bogena et al., 2022). Neutron intensities were corrected for incoming high-energy
neutron intensities using the approach after McJannet and Desilets (2023) and the neutron monitor JU NG in Switzerland (www.nmdb.eu,
last access: 01-10-2025), air pressure and absolute air humidity after Rosolem et al. (2013) and Rasche et al. (2023). Bare and moderated

detector intensities were smoothed with a 25 h moving average.
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