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Abstract Cosmic radiation on Earth responds to heliospheric, geomagnetic, atmospheric, and lithospheric
changes. In order to use its signal for soil hydrological monitoring, the signal of thermal and epithermal neutron
detectors needs to be corrected for external influencing factors. However, theories about the neutron response to
soil water, air pressure, air humidity, and incoming cosmic radiation are still under debate. To challenge these
theories, we isolated the neutron response from almost any terrestrial changes by operating a bare and a
moderated neutron detector in a buoy on a lake in Germany from July 15 to 02 December 2014. We found that
the count rate over water has been better predicted by a theory from Kohli et al. (2021, https://doi.org/10.3389/
frwa.2020.544847) compared to the traditional approach from Desilets et al. (2010, https://doi.org/10.1029/
2009wr008726). We further found strong linear correlation parameters to air pressure (f = 0.0077 mb™") and air
humidity (a = 0.0054 m>/g) for epithermal neutrons, while thermal neutrons responded with & = 0.0023 m*/g.
Both approaches, from Rosolem et al. (2013, https://doi.org/10.1175/jhm-d-12-0120.1) and from Kohli et al.
(2021, https://doi.org/10.3389/frwa.2020.544847), were similarly able to remove correlations of epithermal
neutrons to air humidity. Correction for incoming radiation proved to be necessary for both thermal and
epithermal neutrons, for which we tested different neutron monitor stations and correction methods. Here, the
approach from Zreda et al. (2012, https://doi.org/10.5194/hess-16-4079-2012) worked best with the
Jungfraujoch monitor in Switzerland, while the approach from McJannet and Desilets (2023, https://doi.org/10.
1029/2022wr033889) was able to adequately rescale data from more remote neutron monitors. However, no
approach was able to sufficiently remove the signal from a major Forbush decrease event on 13 September, to
which thermal and epithermal neutrons showed a comparatively strong response. The buoy detector experiment
provided a unique data set for empirical testing of traditional and new theories on Cosmic-Ray Neutron Sensing.
It could serve as a local alternative to reference data from remote neutron monitors.

Plain Language Summary Cosmic radiation near the Earth's surface is influenced by solar activity,
atmospheric conditions, and changes of nearby soil moisture or snow. To better understand how cosmic-ray
neutron measurements should be corrected for meteorological effects, we operated a detector for low-energy
neutrons in a buoy on a lake in Germany for 5 months in 2014. Since the water content in the surroundings is
constant, we were able to isolate the signal from almost any ground-related disturbances. With this instrument,
we challenged traditional and recent theories on the neutron response to water, air humidity, and to reference
data from high-energy neutron monitors around the world. We found that in some cases, recent theories showed
superior performance over traditional approaches. We also found a stronger response of the neutrons detected by
the buoy to a major solar event than was observed by traditional neutron monitors. The concept of a neutron
detector on a lake could be useful as a reference station for similar land-side detectors and help provide more
reliable soil moisture products.

1. Introduction

The natural background radiation on Earth is mainly produced by the omnipresent and continuous exposure to
galactic cosmic rays, which are modulated by solar activity, filtered by the geomagnetic field, and moderated by
the Earth's atmosphere (Dorman, 2004; Hess et al., 1961; Usoskin et al., 2011). Since 1951, neutron monitors have
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been in operation at various places around the globe to continuously monitor high-energy cosmogenic neutrons as
a proxy for space weather (Viisidnen et al., 2021). About half a century ago, Kodama et al. (1975) revealed the
potential of the lower energetic component of cosmic-ray neutrons for estimating snow water equivalent. Two
decades after Kodama (1980) and Kodama et al. (1985) presented more experimental findings related to soil
moisture, Dorman (2004) proposed the broader use of this concept for hydrological applications. Yet, Zreda
et al. (2008) were the first to introduce the methodological framework of Cosmic-Ray Neutron Sensing (CRNS)
and to demonstrate its potential for large-scale monitoring of soil moisture. Soon after, Desilets et al. (2010)
proposed an empirical but seemingly robust relationship to convert neutrons to soil moisture, followed by Zreda
et al. (2012) presenting the concept and establishment of a continental CRNS network. To date, CRNS is a
growing non-invasive and low-maintenance technique providing continuous hectare-scale root-zone soil moisture
to inform and validate products of hydrological models (Baatz et al., 2014; Iwema et al., 2017; Patil et al., 2021)
and remote sensing (Dopper et al., 2022; Montzka et al., 2017; Schmidt et al., 2024).

The ambient epithermal neutron radiation above the ground is of key interest for CRNS, as this energy band shows
the highest sensitivity to hydrogen in soils (Desilets et al., 2010; Kohli et al., 2015; Zreda et al., 2012). Some
CRNS probes additionally measure thermal neutrons as a potential proxy for soil chemistry, snow, biomass, or
spatial heterogeneity (Jakobi et al., 2022; Rasche et al., 2021; Tian et al., 2016). In order to isolate the neutron
response to the ground conditions from other external influences, CRNS data processing heavily relies on ac-
curate corrections for changes in atmospheric shielding depth (i.e., air pressure), atmospheric hydrogen content
(i.e., air humidity), and incoming cosmic rays (i.e., high-energy hadron flux). For epithermal neutrons, such
corrections have been proposed based on literature about high-energy cosmic rays (Desilets et al., 2006; Zreda
et al., 2012) or on dedicated simulations (Rosolem et al., 2013). However, no commonly accepted correction
approaches exist for thermal neutrons, while the transferability of the epithermal correction functions is under
debate (Andreasen et al., 2017; Jakobi et al., 2018, 2022; Rasche et al., 2021).

There is an ongoing debate about many aspects of CRNS theory and the traditional correction approaches since
correlations to external signals were sometimes not removed sufficiently, and unexplained variations in the data
remained. For example, Kohli et al. (2021) used new simulation approaches to explain neutron variations spe-
cifically in semi-arid regions, where limitations of the widely established approaches from Desilets et al. (2010)
and Rosolem et al. (2013) became evident. However, the simulations from Kohli et al. (2021) were also insuf-
ficient to conclude on a final choice out of many offered correction models. Moreover, many authors have found
inconsistencies in using the neutron monitor “Jungfraujoch” in Switzerland as a reference for the incoming
cosmic-ray flux at different periods and locations on Earth (e.g., Hands et al., 2021; Hawdon et al., 2014;
Schron, 2017). The main reason is the dependence of the cosmic-ray flux on the geomagnetic field, which changes
continuously in space and time (Belov et al., 2005; Herbst et al., 2013; Kudela, 2012). To account for that, authors
suggested different correction approaches to rescale data from a neutron monitor site to a CRNS location
(Hawdon et al., 2014; McJannet & Desilets, 2023), while their performance is yet to be tested. Nevertheless, more
issues complicate the use of the neutron monitor network as a reference for CRNS stations across the world: the
instruments measure different neutron energies than CRNS, they are sometimes prone to weather effects, the few
operational stations have only scarce coverage on Earth, and the data exhibits varying consistency and quality,
while a single institute is responsible for the data provision and processing (Abunin et al., 2016; Aplin et al., 2005;
Biitikofer, 1999; Korotkov et al., 2011; Oh et al., 2013; Ruffolo et al., 2016; Viisinen et al., 2021). Consequently,
the future availability of reliable cosmic-ray reference data may not be guaranteed, which explains the current
search for alternative concepts (e.g., Fersch et al., 2020; Gugerli et al., 2022; Schron et al., 2016; Stevanato
et al., 2022).

An empirical and objective evaluation of traditional and new theories on the neutron response to the ground, to the
atmosphere, and to the magnetosphere, is a challenging endeavor. Any ground-based CRNS measurement
inherently depends on the spatial and temporal variability of nearby hydrogen pools, such as soil moisture,
biomass, ponding water, etc. (Iwema et al., 2021; Schron et al., 2023). However, such variability can be
considered negligible above lakes or other water bodies, where even rain events would not introduce a significant
addition of water. Neutron measurements on a lake with a detector that has a comparable energy sensitivity to
CRNS could provide a unique data set to investigate the local and “actual” influence of non-terrestrial variability
on thermal and epithermal neutrons. In terrestrial CRNS applications, many of the external, ground-related
influencing factors are often unknown and thus challenging to model, leading to uncertainties in the interpre-
tation of the CRNS signal. A buoy detector on a lake, however, has a clear pure-water boundary condition and
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would allow for a more direct comparison of the observations with simulations of the sensor response. Moreover,
a lake-based buoy CRNS detector might even be suitable as a reference monitor for the incoming cosmic-ray flux.

The advantage of water bodies beneath a neutron detector has been first reported by Kriiger and Moraal (2010),
who performed intercalibration measurements of high-energy neutron monitors all over the world by placing a
miniature detector over a small nearby pool. CRNS detectors, however, are sensitive to the surrounding envi-
ronment up to radii of 300 m (Desilets & Zreda, 2013; Kohli et al., 2015). Hence, Franz et al. (2013) suggested
short measurements on a lake to calibrate the pure-water limit of the sensor response, which was conducted using
rafts for a few days by McJannet et al. (2014), Andreasen et al. (2017) and Rasche et al. (2023). The first long-term
experiment of CRNS detectors on a lake was proposed and conducted in 2014 and later reported by Schron
et al. (2016) and Schron (2017). The idea was further extended by Weimar (2022) with static and mobile mea-
surements. The present study performs a first detailed analysis of the data set from 2014 and uses it to challenge
traditional correction functions and recent CRNS theories.

The first hypothesis of this study is that state-of-the-art theories about the neutron-to-water relationship can
predict the drop in neutron count rates from land to water. Here, we will challenge the widely established method
from Desilets et al. (2010) and the more recent findings from Kohli et al. (2021). With any ground-related changes
of water content removed, we further hypothesize that the hitherto established and partly debated correction
functions for air pressure (Desilets et al., 2006; Zreda et al., 2012), air humidity (Kohli et al., 2021; Rosolem
etal., 2013), and incoming cosmic radiation (Hawdon et al., 2014; McJannet & Desilets, 2023; Zreda et al., 2012)
can adequately remove all remaining temporal variations during the study period. The performance of these
approaches will also be tested for thermal neutrons, for which no study has yet confirmed their applicability.
Finally, we propose using the buoy detector as an alternative for neutron monitors as a reference for incoming
radiation, and test this hypothesis at a nearby CRNS research site.

2. Methods
2.1. Detection of Cosmic Radiation on Earth

Cosmic radiation mainly consists of protons and heavier ions, permanently penetrating the Earth's magnetic field
and interacting with the Earth's atmosphere (Simpson, 1983). Their collision with nitrogen, carbon, or oxygen
atoms in the air produces high-energy particle showers, which consist of neutrons, protons, muons, and other
particles. Neutrons and protons can be detected by high-energy neutron monitors (NM) on Earth (Mavro-
michalaki et al., 2011; Viisédnen et al., 2021). The muon component is regularly monitored by the global muon
detector network (Rockenbach et al., 2014). Both their signals are a measure of the incoming cosmic radiation on
Earth's surface and, as such, highly correlated to space weather and solar activity. Besides typical periodicities,
such as the 22-year solar cycle, also irregular short-term events may change the incoming cosmic-ray flux
significantly. Examples of these striking solar events are Forbush decreases (FD) or Ground-Level Enhancement.
They are temporary reductions or enhancements of the cosmic ray flux observed on Earth, caused by the passage
of a solar flare or coronal mass ejection (Hands et al., 2021; Laken et al., 2011; Lingri et al., 2019; Mishev
et al., 2014).

As the cosmic-ray particles interact with the atmosphere, their signal on the ground additionally carries infor-
mation on atmospheric conditions, such as air pressure, air humidity, and atmospheric temperature. For research
on space weather, it is important to correct for such atmospheric factors, while research on the response of cosmic
rays to the ground surface requires both atmospheric and heliospheric influences to be corrected for. To inves-
tigate these corrections empirically with ground-based sensors, however, it is necessary to exclude any ground-
related influencing factors.

The interaction of high-energy cosmic rays with the ground usually produces lower energetic neutrons, which are,
in turn, sensitive to environmental factors such as water content (Zreda et al., 2012). NMs make use of thick high-
density polyethylene shields and lead producers to both, reduce the influence of those low-energy neutrons that
have already interacted with the ground, and tailor the sensitivity to direct high-energy cosmic radiation. Data
from NMs available from the global Neutron Monitor database (https://www.nmdb.eu) is already corrected for
atmospheric pressure and acts as a reference of incoming cosmic radiation on Earth for many adjacent research
fields (Mavromichalaki et al., 2011). The distribution of NM stations across the globe aims at covering a range of
geomagnetic locations, since the intensity and variability of cosmic rays are a function of the so-called vertical

SCHRON ET AL.

30f22

8518017 SUOWIWIOD SATea10 3|dedl|dde au Aq pauienob aJe ssolie VO ‘88N JO S3|N1 10} Aiq1T 8UIUO 8|1 UO (SUO R IPUOD-pUe-SWLBH WD A3 | 1M ARIq U1 |UO//SONY) SUORIPUOD Pue Swiie | 3y} 89S *[202/20/80] U0 A%eiqi8uliuO AB|IM ‘Z49 Wepsiod Wniuez-z}oywpH Aq £87£00Y3EZ02/620T 0T/10p/uiod A8 im Areiq1jpuluosgndnbe;/sdny wo.y papeojumod ‘9 ‘v20Z ‘v80SEEET


https://www.nmdb.eu

V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Earth and Space Science 10.1029/2023EA003483

Table 1

Overview of the Neutron Monitors (NM) and the Buoy Detector Site Used in This Study, Including Their Coordinates and
Geomagnetic Cutoff Rigidity, R, From Two Different Sources (Values for 2010 From https://www.nmdb.eu and for 2014
From https://crnslab.org/util/rigidity.php)

Neutron monitor Acronym Country R, (2010) (GV) R, (2014) (GV) Altitude (m) Latitude Longitude

Doi Inthanon PSNM  Thailand 16.80 16.72 2,565 18.59° 98.49°
Daejeon DIJON  South Korea 11.22 10.75 200 36.24° 127.22°
Athens ATHN  Greece 8.53 8.27 260 37.97° 23.78°
Jungfraujoch JUNG  Switzerland 4.50 4.54 3,570 46.55° 7.98°
Buoy Buoy Germany 2.99 2.93 78 51.58377°  12.41423°
Kiel KIEL Germany 2.36 2.31 54 54.34° 10.12°
Oulu OULU  Finland 0.80 0.63 15 65.05° 25.47°
South Pole SOPO Antarctica 0.10 0.06 2,820 —-90° 0°

cutoff rigidity of the geomagnetic field, R_. This quantity relates to the alignment of the magnetic field lines, which
acts as an energy filter of the primary cosmic-ray particles that leads to higher radiation exposure at the poles
compared to the equator. Table 1 shows an overview of the NMs used in this study: Jungfraujoch (JUNG) is the
standard reference for incoming radiation correction in CRNS research, Athens (ATHN) exhibits high vertical
cutoff rigidity in Europe, Kiel (KIEL) is the closest NM to the study site, Oulu (OULU) exhibits the lowest cutoff
rigidity in Europe, South pole (SOPO) the lowest globally, while Daejeon (DJON) and Doi Inthanon (PSNM)
may serve as promising candidates to test the correction performance with NMs at very high cutoff rigidities and
in very large distance to the study site.

2.2. CRNS

Detectors with a reduced amount of shielding are more sensitive to low-energy neutrons and, thus, to the local
environment on the ground. A technology with reduced shielding is called CRNS and is based on the response of
low-energy neutrons to nearby environmental water content (Zreda et al., 2008). The main energies used in
hydrological CRNS applications are the epithermal neutrons (with energies between 0.5 and 10° eV), and thermal
neutrons (energies below 0.5 eV), as they show the strongest variation with water content (Kohli et al., 2015). In
dry soil, the epithermal neutrons produced by the penetration of high-energy particles may leave the ground
almost unhindered. In wet soil, on the other hand, the higher concentration of hydrogen efficiently moderates the
neutrons along their path, leading to less epithermal neutron counts above the surface. While epithermal neutron
variations are mainly dependent on the hydrogen abundance, thermal neutron radiation shows an additional
dependency on chemical components and is still a subject of research. Thermal neutrons can be detected with
standard neutron detectors, such as proportional counters. Epithermal neutrons can be detected with an additional
layer of high-density polyethylene around these bare detector tubes (Schron, Zacharias, et al., 2018; Zreda
et al., 2012).

The wetness of the ground is usually expressed as the soil moisture € in units of g/g. Conversion functions exist to
describe its relationship to epithermal neutrons, N(6). The traditional function has been introduced by Desilets
et al. (2010):

0.0808
Des
NP(0) o015 T 0372 (1)

It is independent on hydrogen in air, for instance, which could be addressed by a separate correction factor on the
neutrons (see section below). A recent study by Kohli et al. (2021) introduced a universal transfer solution (UTS)
for soil moisture conversion which is inseparable from the air humidity, # in g/m?, of the environment:

ptp 0 -
NYTS(0,h) <11)7+20(p3 +p, h+ps hz) +e P ? (p7 a2 h)), @)
1
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where p; represents a range of parameter sets out of many possible candidates offered by Table Al in Kohli
et al. (2021). They either depend on different simulation approaches or employ different energy response
functions (see also Kohli et al., 2018). The parameter set “MCNP drf” was derived from MCNP (Goorley
et al., 2012) simulations, which include interaction processes of neutrons, protons, muons, and other particles. It
also integrates the actual detector energy response function (drf) of the CRNS instrument. In contrast, the
parameter set “MCNP THL” uses the MCNP model with a less accurate energy threshold window. Parameter sets
“URANOS drf” and “URANOS THL” express similar detector models, while URANOS has been used instead of
MCNP to simulate the neutron response to soil and water, which includes only neutron particle interactions and
some effective and less accurate representation of other particles (see Kohli et al., 2023, for details).

Both approaches, Desilets et al. (2010) and Kohli et al. (2021), have in common that they provide a relative value
for neutron count rates that can be scaled with a factor N, usually referred to as a calibration parameter. It is
different for each approach and parameter set but essentially mimics the detector-specific count rate at a very dry
state of the soil. From calculations using typical ranges of @ and 4 it follows that the N, values for the UTS
function are larger than N, for the Desilets approach by factors of 1.61, 2.09, 1.58, and 2.03 for the parameter sets
“MCNP drf,” “MCNP THL,” “URANOS drf,” and “URANOS THL,” respectively.

To date, there is no published evidence of a preferred parameter set for CRNS data processing with the UTS
approach. Standard evaluation procedures would require a high number of auxiliary measurements of soil
moisture in the sensor footprint and different depths, in addition to consideration of spatial heterogeneity and
other disturbing factors typically present at most field sites. However, an experiment with = const. could
facilitate an empirical determination of N(%) to shine a light on a suitable parameter set that describes this part of
the model realistically.

A water body is expected to produce a minimal number of neutrons, which, unlike for soils, does not change as a
result of rainfall events (i.e., @ = const.). Hence, it is expected that neutrons measured above a lake are only
dependent on atmospheric conditions or solar activity. In the pure-water environment, we follow the limes
approach by Schron et al. (2023), § — oo, with which Equation 1 reduces to:

glimNDeS(G) =0.372, 3)

while Equation 2 reduces to:
Jm N0, h) = py (ps + py h+ps 1), @)

The latter varies from 0.15 to 0.28 depending on air humidity and on the chosen parameter set (Table A1 in Kohli
et al., 2021).

2.3. Atmospheric and Geomagnetic Corrections

Previous studies have introduced correction functions for the measured neutrons to remove the effect of air
pressure P, air humidity 4, and incoming radiation /. Conventionally, these functions are usually treated as factors
on the neutron counts (except for Equation 2):

humidity-corrected N, = N(0)-C,
pressure-corrected Np = N(0)- Cp,
incoming-corrected N; = N(6)- Cy, ®
fully-corrected N,p; = N(0)-C),-Cp-C,.
Air humidity can be corrected for by two different approaches. The established approach by Rosolem et al. (2013)
uses a separate correction factor based on the air humidity / (in g/m®):

C,=14+a(h—hyg). 6)
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The parameter @ accounts for water vapor in the near or total atmosphere. It was determined by Rosolem
et al. (2013) using neutron transport simulations. However, systematic experimental validation has not been
reported, yet. The other approach refers to Equation 2, which intrinsically accounts for air humidity in a non-
separable way. In this case, N, = N(0, h) or C;, = 1.

Air pressure can be corrected for using an established exponential function:
Cp= PP=Puet), 7

The attenuation coefficient f equals the inverse attenuation length, L™, and has been used for decades to process
atmospheric correction of cosmic rays. It can be determined using different analytical relations (Clem et al., 1997,
Desilets et al., 2006; Dunai, 2000), by minimizing the correlation between incoming radiation and air pressure
(Sapundjiev et al., 2014), or by comparing neutron time series with a reference station, where f is known
(Paschalis et al., 2013). These various approaches show that # might be a complex variable that depends on
several factors like latitude, altitude, type and energy of incident particles (Clem & Dorman, 2000; Dorman, 2004,
and references therein), on variations during the solar cycle and during solar flare events (Dorman, 2004; Kobelev
et al., 2011), and on properties and yield function of the detector device (Biitikofer, 1999).

We make use of an established calculation of L following Dunai (2000) and Desilets and Zreda (2001):

pl=L=y+ (®)

a
(1 + ey

where i is the Earth's magnetic field inclination and the empirical parameters are: a = 19.85, b = —5.43, x = 62.05,
y = 129.55. The inclination at the buoy's location can be determined from National Centers for Environmental
Information (2015) and was i = 66.9°. This leads to a theoretical prediction of L = 129.7 g/cm® or
$ =0.0077 mbar. An alternative tool that is often used by the CRNS community, is the website http://crnslab.org/
util/rigidity.php, which predicts L = 137.0 g/cm? or # = 0.0073 mbar for the buoy location. However, both tools
are also based on calculations derived for high-energy particles and a specific temporal state of the magneto-
sphere, while the neutron attenuation has never been explicitly identified for the lower-energetic CRNS detectors.
Given the uncertainty in determining the correct value for the attenuation coefficient, in this study, we have
initialized our analysis with an average value of L = 133.0 g/cm®.

The approach for correcting incoming radiation has been first formulated by Zreda et al. (2012) and generalized
by Schron et al. (2016):

Cr=(—y(1=I/Lg) ™" )

It uses reference data / from the neutron monitor database that measures only the incoming, high-energy
component of the cosmic radiation at a few selected locations on Earth. The parameter y depicts the amplitude
scaling of signal variations depending on geomagnetic location. The conventional approach has been assuming
y = 1, but it failed to remove the incoming cosmic-ray variability, especially for large distances between CRNS
and NM sites. The underlying challenge is the dependency of the incoming signal on the geomagnetic location,
expressed by the cutoff rigidity, R, in GV, of the geomagnetic field. For example, sites near the geomagnetic poles
see different cosmic-ray particles than sites near the equator. So ideally, reference data for incoming radiation
should be collected from an NM near the CRNS measurement site, that is, at a similar cutoff rigidity.

Hawdon et al. (2014) presented a scaling concept to account for this geomagnetic effect using
y=1-0.075 (RC - Rff), however, this approach has not been tested globally. A more recent approach by
Mclannet and Desilets (2023) uses so-called scaling factors that depend on R, and on the atmospheric depth x for
both the location of the site and of the neutron monitor used as a reference:

CI = T_l, (10)

7(x,R.) = Tr;} € (—po X +P1) (1 - exp(—(pz X +p3)R’CJ“ "7P5)), (11)
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Figure 1. (a) Location of the Cosmic-Ray Neutron Sensing buoy detector at lake Seelhausener See. (b) The distance of 300 m
from the shoreline was chosen such that more than 98% of detected neutrons had contact to water only (black dots, simulated
with URANOS). (c) Photograph of the buoy in operation. Map credits: adapted from LMBYV, March 2014.

with parameters p; fitted on historical NM data. An empirical test of these approaches for the correction of
incoming radiation is still missing.

Besides various correction functions, the neutron data presented in this study has been smoothed by temporal
aggregation or moving average filters. These temporal smoothing approaches are useful to reduce noise in highly
resolved time series in order to improve further comparative calculations, correlations, or visualizations. In the
current processing scheme, the correction functions have been applied on the raw data first, followed by sub-
sequent smoothing. Since there is also a debate about the correct order of these processing steps, we elaborated on
this discussion in more detail in Appendix A.

2.4. The Buoy Deployment

To address the open questions on an empirical evaluation of atmospheric and geomagnetic correction approaches
for the CRNS method, we decided to deploy a CRNS detector system on a lake. With a minimum amount of
surrounding material, a detector system with a thermal and an epithermal neutron counter would mainly “see” the
surrounding lake water. Neither precipitation nor evaporation would change the effective amount of water that
surrounds the floating device, such that the total ground-related influence on the neutrons could be assumed
constant. Other chemical constituents like chloride or nitrogen could theoretically influence the thermal neutron
intensity as was shown in studies on Mars, Earth, and Venus (Andreasen et al., 2017; Litvak et al., 2014;
Mitrofanov et al., 2014; Peplowski et al., 2020). However, their concentration in freshwater is negligible and not
expected to change significantly during the study period. For example, the chloride content of the lake was
42 + 2 mg/l with variations below the measurement accuracy (LMBYV, 2014). Therefore it is adequate to assume
that the remaining variations of neutrons should be induced by atmospheric conditions or solar activity only. An
ideal set of correction functions would be able to reduce the neutron variations over time to zero =+ stochastic
errors.

For this experiment, we chose the lake Seelhausener See, which was located about 110 km southwest of Berlin,
Germany, at the border between the federal states Saxony and Saxony-Anhalt (Figure 1a). The lake had formed in
the abandoned opencast of a lignite mine (e.g., Geller et al., 2013). At the time of measurements, the lake was not
accessible to the public and thus offered the perfect place for exposing sensible technology in the environment.
The surrounding is flat land with mainly natural vegetation.
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Figure 2. (a) Setup of the buoy in the lake at around 10 m depth using trawl net balls and weights. (b) Final checks with an open lid near the shore before the launch into

the water. (c) Detector housing inside the
battery array.

tailor-made lid of the buoy, including GPS, antenna for data transmission, external sensors for air conditions, and a large

In the preparation of this study, the URANOS model by Kohli et al. (2023) was used to simulate the origin of the
detected neutrons, following the signal contribution concept presented by Kohli et al. (2015) and Schron
et al. (2023). The environment was modeled in a 700 x 700 m* domain (Figure 1b) with a virtual detector above
water, a given land structure with 10% soil moisture, and air with 10 g/m>; humidity. We found that a distance of
~300 m from the shore is appropriate to limit the influence of the land on the buoy detector to less than 2%.

Instruments were placed inside a buoy of type 601 Profiler from Idronaut S.r.l. and then tied between two
anchors at the coordinates (51.58377°, 12.41423°). Each rope was put under tension by mounting a trawl net ball
(see Figure 2). Other then usual anchoring techniques (e.g., Boehrer & Schultze, 2008), this arrangement kept the
buoy in place within about 1 m and in the same orientation independently of rising or falling water levels over the
entire study period.

The moderated and bare tubes were taken from a standard stationary CRNS system of type CRS1000 (Hydro-
innova LLC, Albuquerque, US) that had previously been operated at the UFZ Leipzig (Schron, Zacharias,
et al., 2018). The detectors were disassembled and integrated in a tailor-made aluminum lid, protruding upwards
from the buoy (Figure 2). The system was powered by eight batteries of type Yuasa NPL, 38 Ah, using lead-fleece
technology to guarantee proper functioning under wobbling conditions. After installation on 15 July 2014, the
batteries had to be recharged by the end of September as the power supply lasted 2.5 months. Finally, the buoy
was retracted under frosty conditions on 2 December 2014. An antenna regularly transmitted sensor data and GPS
coordinates to an FTP server to allow scientists to remotely keep track of the battery status, and for the sake of
protection against theft and tempest. The system further included external sensors for air pressure, air temper-
ature, and relative air humidity (Campbell CS215) to facilitate atmospheric corrections.

3. Results and Discussion
3.1. Buoy Data Set

The measurement data of the buoy system is shown in Figure 3. From July to December 2014, the air pressure
varied by 30 mbar, while air temperature decreased from 20 to 0°C and relative air humidity increased from 40%
to 100%. We have also calculated the absolute air humidity, 4, following Rosolem et al. (2013). The epithermal
neutron count rate has been 416 + 41 cph, while thermal neutrons showed on average 240 + 31 cph. According to
counting statistics following Schron, Zacharias, et al. (2018), the expected stochastic error of the epithermal
neutron count rate would be +20 cph (hourly) or £4 cph (daily), and of thermal neutrons £15 cph (hourly) or +3
cph (daily). In this context, the actually measured count rate already indicates a non-negligible influence of at-
mospheric and heliospheric factors. The time series has been gap-free with the exception of a short maintenance
period in 30 September. Additionally, a Forbush decrease event has been captured that began on 12 September
(according to Light et al., 2020), which led to a significant drop of neutron count rates by ~10%.
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Figure 3. Data collected with the buoy instrument in 2014. Top: Air pressure. Middle: External air humidity and temperature. Bottom: pressure-corrected neutron counts
of epithermal (0.5-1,000 eV, black) and thermal energies (0-0.5 eV, gray). Dots depict hourly measurements, and solid lines depict the daily aggregation. A Forbush
decrease event has been detected around 13 September. Maintenance work, including battery exchange, has been conducted on 30 September.

3.2. Challenging the Neutrons-To-Water Relationship

Compared to typical over-land locations, the detector showed a significant drop of neutron counts over water by
almost 50% (compare Schron, Zacharias, et al., 2018, Figure 3). Based on this observation, it was possible to test
whether the existing concepts to describe the relationship between neutrons and water content, N(6) (Equations 1
and 2), make the correct predictions following Equations 3 and 4.

The same detector type used in the buoy, CRS1000, has also been used on other locations, where N(l))es ~ 1,000 cph
has been determined through calibration (see, e.g., Bogena et al., 2022). This corresponds to N([)JTS = 1,610 cph,
2,090 cph, 1,580 cph, and 2,030 cph for the four UTS parameter sets “MCNP drf,” “MCNP THL,” “URANOS
drf,” and “URANOS THL,” respectively (Section 2.2). Based on the assumption that these N, parameters are also
applicable to the buoy detector, the expected count rate in a pure-water environment would become 372 cph, 411
cph, 322 cph, 302 cph, 315 cph for all five approaches, respectively (Equations 3 and 4). Hence, the measured
average count rate of 416 cph on the lake is in best agreement with the theoretical value of the “MCNP drf”
parameter set from Kohli et al. (2021) for @ — oo. The agreement is certainly within the uncertainty band of the data
(see Figure 3), while the remaining discrepancy could arise from a non-negligible effect of neutrons produced by
the buoy material and the lead batteries themselves (Kohli et al., 2018, 2023; Schron, Rosolem, et al., 2018).

From this analysis, we can draw two conclusions. First, the recently suggested parameter set for N(6, h) derived
from the full particle-physics model (MCNP) and the full detector response model (drf) fits best to the measured
data and thus creates evidence for its potential superiority over the other parameter sets, including the approach
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Figure 4. Partially corrected daily epithermal and thermal neutron observations normalized by their mean, correlated with three meteorological variables. Left two
panels: neutrons corrected for air humidity and incoming radiation versus air pressure. Middle two panels: neutrons corrected for air humidity and air pressure versus
incoming radiation. Right two panels: neutrons corrected for air pressure and incoming radiation versus air humidity. Each panel also shows the parameters of a linear

model fit (dashed line).

from Desilets et al. (2010). Second, the buoy detector in this study seems to be a suitable representation of a pure-
water scenario despite the substantial extent and material of the buoy itself and despite the finite distance to the
shore.

3.3. Correlation of Epithermal and Thermal Neutrons to External Factors

The influences of (a) air pressure, (b) air humidity, and (c) incoming radiation on epithermal neutrons have been
addressed in the literature, where various approaches exist to correct for these effects (Section 2.3). Corrections
for thermal neutrons have not been investigated so far, usually following the assumption that the same functions
apply for them, too. For both neutron energies, however, empirical validation remains difficult, since neutron
measurements above soils are always governed by the spatial and temporal variability of soil moisture, as well as
by the site-specific heterogeneity (Schron et al., 2023). In contrast, it is expected that neutron observations on a
lake would not show terrestrial variability, thereby allowing for an evaluation of non-terrestrial correction
approaches.

Figure 4 shows the correlation between the daily relative neutron intensity and atmospheric variables. In each
panel, neutron counts have been corrected for two variables and correlated to the corresponding third variable
(compare Section 2.3). Variations in air pressure exert the strongest influence on epithermal neutrons (R*=0.91),
followed by variations in incoming radiation (R* = 0.67), represented by data from the JUNG NM, and absolute
air humidity (R?> = 0.61). Thermal neutrons follow the same rank order.

For air pressure, the correction parameter = 0.0077 mb~" seems to be an adequate choice for both thermal and
epithermal neutrons. It matches exactly (within the uncertainty bounds) with the theoretical value of 0.0077
predicted by Dunai (2000). However, it differs slightly from the value of 0.0073 suggested by Desilets
et al. (2006) and the corresponding and typically used calculation tool http://crnslab.org/util/rigidity.php. Note
that  can change in time and space, such that the value determined in this experiment is not globally transferable.
Further research should investigate the performance of the two methods with experimental data at other locations.

The regression coefficient for absolute air humidity, 0.0054 m*/g, exactly matches the linear correction factor a
derived by Rosolem et al. (2013), confirming the robustness of this approach. Unlike for epithermal neutrons, the
correction procedure required for thermal neutrons has remained under debate. For instance, Andreasen
et al. (2017) and Rasche et al. (2021) did not correct thermal neutrons for variations in air humidity, arguing that
the traditional correction functions have been derived for epithermal neutrons only. From dedicated simulations,
Rasche et al. (2023) found a new value for thermal neutron correction, @ = 0.0021 m®/g. In contrast, based on
empirical findings, Jakobi et al. (2018, 2022) correct thermal neutron intensities for air pressure and absolute
humidity but not for variations in incoming radiation. They claimed that their empirical findings suggested better
performance against biomass estimations.
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Figure 5. The effect of temperature on the measured buoy neutrons. (a) Correlation of epithermal (black) and thermal neutrons (gray) to the lake temperature after
conventional atmospheric corrections. This introduced an overcorrection for thermal neutrons. A revised air humidity correction approach (green) simulated by Rasche
et al. (2023) and confirmed by this study removed this remaining correlation. (b) Processes relevant for neutron production and absorption based on temperature over
time. The reduced production of colder water essentially cancels out the enhanced detection efficiency of the detector gas.

The buoy-detector observations shed light on the required correction procedures for thermal neutrons as the effect
of other hydrogen pools (e.g., biomass and soil moisture) on the empirical relationship can be excluded. Figure 4
indicates that thermal neutrons are similarly dependent on variations in air pressure and incoming radiation
compared to epithermal neutrons. The largest difference between epithermal and thermal neutrons by applying
the same correction occurs in respect to variations in absolute air humidity. We found that the linear regression
slope, 0.0023, is less than half of that of epithermal neutrons and very close to the value recently found by Rasche
et al. (2023). The difference between the thermal and the epithermal neutron response to air humidity is likely
linked to the generally higher production rate of thermal neutrons by epithermal neutron moderation compared to
the thermal neutron absorption rate, which leads to a weaker response of thermal neutrons to variations in
environmental hydrogen (Weimar et al., 2020).

Consequently, the observations in this study indicate that epithermal and thermal neutron intensities need to be
corrected for all three atmospheric variables. With respect to existing correction approaches, it is evident that the
correction factor for air humidity should be different for epithermal and thermal neutrons, using a = 0.0054 m®/g
(Rosolem et al., 2013) and a = 0.0021 m3/g (Rasche et al., 2023), respectively.

3.4. Apparent Correlation of Thermal Neutrons to Water Temperature

The observation that the air humidity correction parameters for epithermal and thermal neutrons are different may
have significant impact on the growing number of studies related to thermal neutron monitoring. Some previous
studies applied the same correction approach from epithermals also to the thermal neutrons without accounting
for this difference (Bogena et al., 2020; Jakobi et al., 2018, 2022). This may introduce a risk of overcorrection and
apparent correlation to other variables. In the case of the buoy experiment, the conventional air humidity
correction would cause an apparent correlation of thermal neutrons to lake water temperature. In fact, the
observed corrected count rate of thermal neutrons in Figure 5a showed a significantly higher correlation to the
lake temperature (R*=0.26) compared to corrected epithermal neutrons (R*=0.01). We will explain below that
this connection appears logical at first glance, but it is a fallacy on closer inspection.

By definition, the energy range of thermal neutrons corresponds to the mean kinetic energy of atoms in the
environment, and thus their temperature. The theoretical foundation for this phenomenon is the temperature
dependency of neutron cross sections (Glasstone & Sesonske, 1981). The cross section o represents the proba-
bility of an interaction with an atomic nucleus. Interaction is less likely for larger relative velocities between target
and particle v, that is, ¢ « 1/v. In equilibrium, velocity and temperature are related by the Maxwell-Boltzmann
distribution, where the (mean) particle energy is given by E « mv*  kT. Hence, ¢ ultimately depends on the
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Table 2

Root-Mean Square Error Between the Observed Corrected Epithermal Intensity for Air Pressure and Incoming Radiation,
Np, and the Inverse Air Humidity Correction C;l for the Approaches From Rosolem et al. (2013) and Universal Transfer
Solution (See Section 2.3)

Incoming correction for Np, Rosolem et al. MCNP drf MCNP THL URANOS drf URANOS THL
Zreda et al. (2012) 5.39 5.50 6.18 6.42 6.94
Hawdon et al. (2014) 5.40 5.48 6.09 6.31 6.82
Mclannet and Desilets (2023) 5.38 5.48 6.13 6.37 6.88

Note. The analysis has also been performed for three different approaches of incoming radiation to test its robustness. Bold
values denote the best performance.

temperature T of the scattering target: 6(7) « 4/1/T. Since water has a much higher density than humid air, the
temperature of the lake might be more relevant than the air temperature.

While the higher temperature increases the thermal neutron density in air and water, it reduces the detection
probability of the helium-3 counting gas in the same way (Kriiger et al., 2008). The total observable influence on
the thermal neutron count rate is a combination of two effects as air and lake temperatures decrease toward the
winter: (a) increasing cross sections of nuclei in air and water, which removes more neutrons on their way to the
detector and leads to a decreasing thermal neutron density in the system, and (b) at the same time, increasing cross
sections of nuclei in the Helium-3 gas, enabling higher detection efficiency which leads to higher count rates.

Both processes scale with \/I/_T in different directions. Since lake water temperature and detector temperature
show the same dynamics (Appendix B), the two effects should almost annihilate each other. Figure 5b shows the
calculated temperature effect of the lake on the thermal neutron production (blue) and the thermal neutron
detection (yellow). The combined effects (black) almost cancel each other out and leave a nearly constant in-
fluence on the thermal neutron count rate.

Hence, the remaining correlation of thermal neutrons to lake temperature results from the wrong correction
coefficient of @ = 0.0054 m*/g. The observation data in Figure 4 demonstrate that the thermal neutrons response to
air humidity is much smaller compared to epithermal neutrons. Using the recently published correction factor,
a = 0.0021 m3/g (Rasche et al., 2023), which is very close the empirical observation from the buoy, the new
correlation becomes R* = 0.01 for thermal neutrons and thereby confirms the insignificance of the temperature
effect.

The example demonstrates the risk of overcorrection and false conclusions from data when the physical process
understanding is incomplete. On the other hand, we cannot exclude remaining features in the data that could
indicate systematic influences on the neutron count rate. For example, dew formation or ice on the buoy lid could
be responsible for additional neutron moderation in autumn and winter, while extreme variations of shore
moisture could impact the count rate in summer. After a finalized analysis of the known external influences, we
have further investigated the remaining correlations in Section 3.7.

3.5. Challenging the Air Humidity Correction for Epithermal Neutrons

As discussed before, air humidity can have a significant effect on the neutron count rate due to varying density and
amount of hydrogen atoms in the atmosphere. Rosolem et al. (2013) and Kohli et al. (2021) derived mathematical
relationships from neutron transport simulations, but they are difficult to validate experimentally due to the high
amount of other influencing environmental variables. With the exclusion of terrestrial factors, such as soil
moisture and biomass, the use of lake-side measurements can be again an advantageous.

To investigate which correction approach performs best at the buoy site, we correct the epithermal neutrons with
air pressure and incoming radiation (Np,). If the remaining variability is only related to air humidity changes, the
P, i-corrected neutrons should equal the inverse correction factor C; . In this ideal case, their difference is ex-
pected to become zero. To quantify the performance of each air humidity correction approach, we calculate the

root-mean square error (RMSE) between Np; and C;l over the whole measurement period.

Table 2 shows the result of this calculation. The hitherto approach from Rosolem et al. (2013) exhibits the lowest
RMSE, again confirming a good performance for air humidity correction, see also Section 3.3. However, the UTS
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Table 3

Performance Measured by the Kling-Gupta Efficiency of Different Correction Approaches to Rescale Incoming Neutron
Intensities From Different Neutron Monitor Stations Compared With the Observed and P, h-Corrected Epithermal (E) and
Thermal (T) Neutron Counts of the Buoy

C, approach PSNM DIJON ATHN JUNG KIEL OULU SOPO  Average
E  Zredaetal. (2012) 0.269 0.34 0.465 0.737 0.678 0.667 0.765 0.560
E  Hawdon et al. (2014) 0.560 0.543 0.640 0.790  0.651 0.566 0.692 0.634
E  Mclannet and Desilets (2023) 0.639 0.703 0.761 0.760  0.647 0.613 0.619 0.677
T  Zredaet al. (2012) 0.220 0.280 0.408 0.635 0.594 0.587 0.714 0.491
T  Hawdon et al. (2014) 0.481 0.460 0.567 0.689  0.569 0.493 0.614 0.553
T  Mclannet and Desilets (2023) 0.627 0.624 0.699 0.657 0.565 0.537 0.545 0.608

Note. See also Table 1 for the corresponding cutoff rigidities and altitudes. Bold values denote the best performance.

approach with the parameter set “MCNP drf” is comparable in performance with an insignificantly larger error,
while other parameter sets show weaker performance. This confirms the results from Section 3.2 and the
robustness of the full particle-physics and detector models. The fact that the approach from Rosolem et al.
provides slightly better results than the UTS may be linked to the fact that the UTS was not tailored to describe the
neutron response to changing air humidity alone. UTS has been optimized to solve the neutron response to the
complex combination of soil moisture and air humidity, which could introduce lesser accuracy for air humidity
variations alone.

3.6. Challenging the Incoming Cosmic-Ray Correction

Buoy-detector observations of neutrons in the epithermal and thermal energy range above a water surface and
over a period of several months also allows for a comparison of the different approaches to correct neutron
observations for variations in incoming radiation. The three available correction approaches described in the
methods section were tested with seven different neutron monitors shown in Table 1 and compared with thermal
and epithermal neutron observations corrected for variations in air pressure and absolute air humidity (Np),), as
this correction level should represent variations from changes in incoming radiation, only. In order to reduce the
statistical noise in the data from the buoy detector, a 25-hr moving average was applied after applying the cor-
rections. The epithermal and thermal Np;, was then compared to the inverted correction factors for incoming
radiation based on Zreda et al. (2012), Hawdon et al. (2014), and McJannet and Desilets (2023) (see Section 2.3).

Table 3 shows the results from the analysis performed for selected neutron monitor stations. The Kling-Gupta
Efficiency (KGE) was chosen as the goodness-of-fit measure in order to equally account for variation, correla-
tion, and bias. The analysis reveals that the performance is generally lower for thermal neutrons compared to
epithermal neutrons. This can be linked to the higher statistical uncertainty in the thermal neutron data due to the
lower count rates. Likewise, a higher difference in cutoff rigidity between the locations of the neutron monitor and
the study site leads to a lower KGE for both neutron energies. However, the Jungfraujoch neutron monitor still
reveals the highest KGE, although its cutoff rigidity and altitude are higher than at the study site (compare
Table 1).

Furthermore, it can be seen that the approaches from Hawdon et al. (2014) and McJannet and Desilets (2023)
improve the KGE for the comparison with neutron monitors with higher cutoff rigidity than the study site,
compared to the approach after Zreda et al. (2012). In contrast, for neutron monitors with a lower cutoff rigidity,
this improvement disappears and the approach according to Zreda et al. (2012) reveals a higher KGE with the data
from the buoy detector. This effect is evident for both epithermal and thermal neutrons. The recent approach from
Mclannet and Desilets (2023) outperforms the approach by Hawdon et al. (2014), while both only lead to im-
provements for higher cutoff rigidities compared to the standard approach after Zreda et al. (2012). On average
and over all neutron monitors investigated, the approach after McJannet and Desilets (2023) performs best in
scaling neutron monitor signals to the location of the buoy detector, followed by the approach after Hawdon
et al. (2014) and Zreda et al. (2012).
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Figure 6. Normalized pressure- and humidity-corrected neutron count rates of the buoy detector compared with neutron monitor data. (a) Epithermal buoy neutrons with
a moving average window of 6 hr (gray dots) and 25 hr (black line). The latter filter was also applied to the NM data from JUNG in Switzerland (orange), PSNM in
Thailand (red), and SOPO near the South Pole (blue). (b) Zoom-in to the Forbush decrease event. (c and d) Same as (a and b) for thermal buoy neutrons.

All three approaches provided robust results using data from the JUNG NM, with a slightly superior performance
of Hawdon et al. (2014) at the study site. Additionally, the correct selection of a reference monitor seems to be
more influential than the correction method. The results generally indicate the advanced correction approaches
from Hawdon et al. (2014) and particularly McJannet and Desilets (2023) improve the performance only for
higher cutoff rigidities (i.e., regions near the equator). These findings may be also linked to the complex behavior
of incoming radiation with different effects occurring at different cutoff rigidities, altitudes, latitudes, and lon-
gitudes (Lopez-Comazzi & Blanco, 2020, 2022). The time series of epithermal and thermal neutrons are shown in
Figure 6 together with the time series of the JUNG, PSNM, and SOPO neutron monitors. Especially during the
Forbush decrease in September 2014, a dampening of the neutron signal of the PSNM neutron monitor compared
to the JUNG neutron monitor can be seen, which is linked to the higher R, and lower altitude of PSNM. In
addition, a temporal shift between PSNM and JUNG indicates differences between neutron monitor intensities
due to different longitudinal locations. Lastly, the epithermal and thermal intensities decrease stronger than JUNG
and PSNM, but similar to SOPO. This is an unexpected behavior, as the cutoff rigidity of SOPO is much lower
than at the buoy location. The coincidence could indicate that low-energy neutron counters generally respond
stronger to geomagnetic changes than high-energy NMs. Particularly with regards to the Forbush decrease, the
observed discrepancy could also be linked to a change of the primary cosmic-ray energy spectrum during solar
events (Biitikofer, 2018), which may lead to stronger changes of secondary low-energy cosmic-ray neutrons. This
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Table 4 would confirm previous observations which have indicated potential evi-

Spearman's Rank Correlation Coefficient Between the Corrected Intensity
(N,,py) of Epithermal (E) and Thermal (T) Neutrons Aggregated to Different

Temporal Resolutions

dence of different neutron intensity changes in different energy regimes
(Hubert, 2024; Maurice et al., 2004).

Variable

Aggregation: 1 hr 6 hr

Depending on the moderator material and material thickness, proportional

4 4 949 9 4 9 49 9 mT°d oM mMmMm m

Air pressure

NM (Jungfraujoch)
Abs. air humidity
Air temperature
Rel. air humidity
Water temperature
Moist air density
Precipitation

Air pressure

NM (Jungfraujoch)
Abs. air humidity
Air temperature
Rel. air humidity
Water temperature
Moist air density

Precipitation

0.04
0.003
—0.02
0.003
—0.07*
0.01
0.006
0.0005
0.03
—0.006
—0.04*
—0.0007
—0.07*
—0.002
0.009
0.01

12br  24hr neutron detectors show varying sensitivity to neutrons of different energies
0.07 0.07 0.1 (Garny et al., 2009; Kohli et al., 2018). A difference in the response of a bare
0.02 —-0.006 0.01 thermal neutron detector and a neutron monitor has been shown by Nun-
—0.04 005 —0.09 tiyakul et al. (2018). Furthermore, Hubert et al. (2019) and Hubert (2024)
0.02 001 0.0009 found a different response to solar events for neutrons of different energies.
Hence, for the correction of neutron intensities for incoming radiation in the
02 —02r 037 scope of CRNS, it may not be sufficient to scale the neutron monitor response
e e DLpLE to different cutoff rigidities and atmospheric shielding depths only (Hawdon
—0.000004  0.01 0.03 et al., 2014; McJannet & Desilets, 2023), but also to account for the different
—-0.09 -0.10 -0.20 response of low-energy neutron detectors and neutron monitors. This finding
0.08 006 003 is most evident during Forbush decrease events, but it may also be relevant for
~0.02 2004 —0.08 weaker changes of incoming cosmic radiation.
—0.08 -0.10 —0.20% The question about the choice of the most suitable neutron monitor for CRNS
—0.01 —0.07 —=0.1 correction is equivalent to the question of which monitor better represents the
—0.1% —02%  —02* local changes of cosmic-ray neutrons at the CRNS site. Sometimes, the
answer is not obvious considering just geographical location parameters. For
0.02 0.03 0.08 . . .
example, compared to the location of the buoy experiment, the KIEL monitor
RE AL L has more similar distance, altitude, and cutoff rigidity than JUNG. However,
—0.006 —-0.08 -0.10

the neutron dynamics of the buoy can be better explained by JUNG, while

Note. Asterisk indicates statistical significance with p < 0.05.

KIEL behaves differently during and beyond the Forbush decrease event.
These findings indicate the need for further research on the role of primary
incoming radiation for low-energy CRNS.

3.7. Residual Correlations

The proper correction of all influencing factors on the neutrons should result in a time series, where residual
deviations from the mean represent Poissonian noise. To test this hypothesis, a correlation analysis of N,,p; was
conducted using a selection of atmospheric variables. In addition, different aggregation levels have been
applied to further test the either random or systematic character of the relationships. The Spearman's rank
correlation coefficient is shown in Table 4. It indicates that the influence of air pressure, incoming radiation,
and absolute humidity is removed by the previously discussed correction procedures. However, a significant
correlation between the N, p; and relative air humidity remained for all aggregation levels and for both neutron
energies.

High values of relative air humidity may indicate the formation of dew and, thus, a thin film of water on the buoy-
detector, which reduces the observed neutron intensity of the epithermal and thermal detector due to higher
neutron absorption. For example, Sentelhas et al. (2008) use a threshold of >90% relative humidity to distinguish
periods with leaf wetness. Applying this threshold to the neutron observations reveals that epithermal and thermal
N, p; are, on average, 0.44 and 0.56% lower in periods with dew, respectively. This indicates that some influencing
atmospheric variables are not yet considered in the standard correction procedures and illustrates the need for
further research.

Furthermore, the statistical accuracy increases strongly with increasing integration times. Already at the 6-hr
aggregation level, the Poisson standard deviation of the uncorrected neutron observations becomes lower than
2%. However, neutron transport simulation revealed that approx. 2% of epithermal neutrons reach the buoy-
detector from the shore, indicating that with higher statistical accuracy, terrestrial variables such as soil mois-
ture variations could influence the neutron observations of the buoy detector. This indicates some limitations of
the measurement design in this study and illustrates potential improvements for future lake-side neutron
measurements.
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Figure 7. Epithermal neutrons aggregated from six collocated Cosmic-Ray Neutron Sensing stations at the UFZ Leipzig,
25 km away (data from Schron, Zacharias, et al., 2018). Neutron counts were corrected for air pressure and air humidity
(dashed black) and corrected for incoming radiation using NM Jungfraujoch (solid black) and the buoy data (solid orange).
Daily precipitation is indicated from Radolan measurements.

3.8. Potential for the Buoy as a Reference for CRNS Probes

Typical CRNS stations are located on natural ground to monitor soil moisture dynamics of agricultural fields,
grass lands, or even snow dynamics in the alps. The conventional correction approach uses incoming radiation
from neutron monitors (e.g., Jungfraujoch) to remove unwanted effects from solar activity, such as Forbush
decreases.

We used data from a nearby terrestrial CRNS site at the UFZ Leipzig (25 km distance), where six identical CRNS
stations were co-located on a 20 x 20 m? grassland patch. The sum of their signals mimics a larger CRNS station
with up to 6,000 cph (~1.4% uncertainty).

Figure 7 shows the epithermal neutron data from this aggregated sensor corrected for air pressure and air humidity
(dashed line). The solid line shows the data conventionally corrected for incoming neutrons with the NM
Jungfraujoch. It is evident that the correction generally improves the obvious response to rain events, but the
correction of the Forbush decrease in September 13 was not strong enough. The orange line shows the same
correction approach with the epithermal neutron data measured at the same time by the buoy. The data was filtered
by a 3-day moving average to reduce the buoy's noise level. The correction using the local buoy data better
removes the Forbush decrease from the corrected CRNS neutron counts (September 13) and is also able to
strengthen the response to some rain events (e.g., August 24 and September 17).

The results demonstrate that a buoy detector can be used as an alternative to neutron monitors to correct for the
incoming radiation. However, measurements on the buoy are limited by the low count rate due to the surrounding
water and small detectors, such that there is a risk of introducing additional noise to the CRNS station data by this
correction approach.

4. Conclusion

This study presents the concept of a thermal and an epithermal neutron detector in a buoy on a lake. The
arrangement depicts an innovative opportunity to monitor the response of low-energy cosmic-ray neutrons to
atmospheric conditions and to space weather without the influence of the ground, soil moisture, or any other
nearby terrestrial heterogeneity that can influence the neutron counts. The experiment conducted on a lake in East
Germany covered an almost gap-free period of five months from 15 July to 2 December 2014, including tem-
peratures from 30 to 0°C, and—by chance—a major solar event (Forbush decrease). The unique data set facil-
itates empirical research on challenging conventional theories and traditional correction functions for
atmospheric, geomagnetic, and heliospheric variations. The experiment revealed the following insights:

1. The epithermal neutron count rate over water dropped by more than 50% compared to values over typical soil.
The measured count rate was not in agreement with the theoretical value predicted by the previous N(d) model
(Desilets et al., 2010). In contrast, the value was almost exactly predicted by the UTS approach (Kohli
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et al., 2021) using the parameter set “MCNP drf.” This finding might indicate a potential superiority of UTS
for the conversion from neutrons to soil moisture also for other CRNS applications.

2. The buoy data showed strong correlation to air pressure, which was similar for both, epithermal and thermal
neutrons. The thereby empirically determined neutron attenuation length was in very good agreement with the
theoretical prediction by Dunai (2000), while it was 5% lower than the conventional calculation for this region.
This indicates that further research is needed to better adapt traditional calculation methods on the special
requirements of low-energy neutron detectors.

3. The different approaches for air humidity correction have been challenged by their ability to remove undesired
variations of the buoy signal. The conventional approach by Rosolem et al. (2013) performed best and its
parameter @ = 0.0054 has been confirmed for epithermal neutrons. Almost similar performance was achieved
by the UTS approach using the parameter set “MCNP drf,” while all other parameter sets were not able to fully
remove air humidity variations.

4. Conventional thermal neutron corrections for air humidity, however, led to a significant overcorrection. A
potential influence of lake water temperature on the thermal neutrons has been excluded by analysis of the
nuclear interaction cross sections. A different correction parameter for thermal neutrons has been identified,
which confirmed independent results from Rasche et al. (2023).

5. The response to incoming cosmic radiation is almost similar for both, epithermal and thermal neutrons, in
contrast to assumptions by some previous studies. We challenged three existing correction approaches by
comparing the buoy data with data from various neutron monitors and found robust performance for NM
Jungfraujoch and the approach from Zreda et al. (2012). The more sophisticated approaches by Hawdon
et al. (2014) and McJannet and Desilets (2023) showed particularly good skills in rescaling data from NMs
with higher cut-off rigidities than the measurement site.

6. The remarkable Forbush decrease (FD) observed in September 2014 was more pronounced in the buoy data
than in data from the NMs, particularly for thermal neutrons. In addition to the findings from the pressure
correction above, this is another indication that the scaling of incoming radiation from NMs to CRNS is not
well enough understood, probably due to the sensitivity to different particle energies.

7. After all corrections were applied, the remaining variations of the buoy signal have been investigated. For
both, thermal and epithermal neutrons, a significant correlation to relative air humidity became evident, which
could be an indication for yet unnoticed sensitivity to dew.

In a final test, we used the buoy data as a reference signal for the incoming radiation correction of a nearby CRNS
site. Here, a slightly better correction capability was evident, particularly during the FD event. This experiment
demonstrated that a buoy could act as a suitable local alternative for a neutron monitor, especially since it
measures similar energy levels as the CRNS, it is much cheaper than an NM, and it could be installed closer to
CRNS sites, thereby avoiding any geomagnetic or location-specific biases. However, buoys are limited in size,
such that their data is highly uncertain due to the low count rates. Daily temporal resolution was the minimum for
our system to be applicable as a reference monitor. To overcome this weakness, future studies could deploy buoy
detectors on high-altitude lakes or glaciers, which would equally well resemble a pure-water environment for the
neutrons with much higher count rates (e.g., Gugerli et al., 2019, 2022). In general, future studies could add to the
general understanding of low-energy incoming cosmic radiation by deploying buoy-based neutron detectors in
other places on Earth with a different altitude or geomagnetic cutoff rigidity.

We encourage the usage of the presented data set for further research on new theories or correction functions. One
more example is the debate of whether to apply temporal smoothing algorithms before or after atmospheric
corrections. With the buoy data, we were able to show that correction prior to smoothing is crucial for maintaining
correlation to the incoming radiation data, for instance (see sect. Appendix A).

Appendix A: The Order of Smoothing and Correction Procedures Matters

The buoy experiment provides a perfect test for meteorological correction functions. For example, it has been
discussed in the community whether smoothing prior (Heidbiichel et al., 2016) or after correcting neutron data
(Davies et al., 2022; Franz et al., 2020) is recommended. With the buoy data, this hypotheses can be tested without
influence of ground-based variations.

In general, temporal smoothing of a time series is a linear operation f, since
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For this reason, the order of processing operations generally matters. In the
Figure A1. Pearson correlation coefficient between the epithermal N, case of neutron count variations, corrections should be applied on the raw

versus inverted influx correction after (Zreda et al., 2012) using the JUNG
neutron monitor, when the correction is applied prior or after smoothing with

a moving average.

data, and only the final product should then be averaged (smoothed).
Otherwise, it is not guaranteed that a measurement N(¢) is corrected for the
air pressure P(¢) at the same time ¢, for instance. Figure Al shows that the
correlation between the buoy experimental epithermal neutron intensity
corrected for variations in atmospheric pressure and absolute humidity and the inverted primary influx
correction from Zreda et al. (2012) generally increases with increasing moving average window size when the
correction procedures are applied before averaging the raw data. In contrast, a correction affer averaging the
raw data leads to (a) a lower maximum correlation and (b) a decrease of the correlation at window sizes larger
than 25 hr. This is in line with recent findings by Davies et al. (2022), who found a general improvement of the
CRNS-derived soil moisture when the correction procedure is applied prior filtering of the neutron intensity
time series. In general, for filtering approaches based on a moving window, the window size needs to be odd in
order to create a centered filter to avoid a temporal shift in the filtered time series. For example, a centered 24-
hr moving average equals a 25-hr moving average.

Appendix B: Determination of the Lake Water Temperature

At the study location, lake Seelhausener See, direct measurements of the water temperature were not available
during the measurement period. However, an intercomparison study of five different lakes in the Eastern part of
Germany showed that it is possible to use measurements of a nearby lake as a proxy (Boehrer et al., 2000).

Surface temperatures in lakes are mainly determined by the local weather. Hence, lakes located close to each other
at the same geographic altitude show similar temperatures. This was verified in a comparison of surface tem-
peratures of mine pit lakes in the Central German and Lusatian Mining District, in which also Seelhausener See is
located. Boehrer et al. (2014) found that the lake temperatures measured in 0.5 m depth were nearly identical.
Only in cases of rapidly rising temperatures (e.g., in spring time), a difference of up to 2°C was detected between
very small and larger lakes. Numerical models that are calibrated specifically for the conditions of a single lake
often reach about the same accuracy (e.g., Weber et al., 2017), while models that are not specifically calibrated
(e.g., occasional local temperature measurements) will show greater deviations. Alternative methods, such as
satellite imaging and thermometry, only provide sporadic measurements and do not reach a similar accuracy
without additional support from numerical models (Zhang et al., 2020).

Lake Rassnitzer See is situated in 31 km distance south west of the study area and was previously called “Mine Pit
Lake Merseburg-Ost 1b” (Heidenreich et al., 1999). The lakes Seelhausener See and Rassnitzer See exhibit
similar morphology, similar size, and are exposed to similar air temperatures (Bohrer et al., 1998). Since it can be
assumed that temperatures will hardly differ by more than 1°C, the surface temperatures (i.e., at 0.5 m depth) from
Rassnitzer See can be used as an accurate approximation for temperatures in Seelhausener See at the same depth.
This assumption has been supported by the fact that the observed air temperatures were very similar at both lakes
throughout the investigation period (shown in Figure B1).
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Figure B1. Water temperatures measured by an anchored weather station with attached thermistor chain in Rassnitzer See
from July 2014 to January 2015 in several depths (blue shading). Air temperature has been measured at both lakes, Rassnitzer
See (pink solid) and Seelhausener See (orange dashed).
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