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Abstract Cosmic Ray Neutron Sensing (CRNS) is a ground‐based technique that utilizes epithermal
neutron measurements as a proxy for environmental hydrogen content. Similarly to other ground‐based cosmic
ray detectors (e.g., neutron monitors), CRNS detectors are affected by the solar cycle and space weather events.
Typically, these effects must be corrected, but CRNS detectors have also been specifically used to observe space
weather. The specific sensitivity of CRNS detectors to the primary spectrum and the relationship to other cosmic
ray measurements is not fully understood. A latitude survey was undertaken during the maximum of solar cycle
25, utilizing a mini neutron monitor, two CRNS detectors of different design and a muon telescope onboard the
German Research Vessel Polarstern. The observations are presented and used to derive differential response
functions and yield functions for two neutron detectors. While the differential response, between neutron
detectors is similar, it strongly deviates between muon and neutron detectors.

Plain Language Summary Cosmic Ray Neutron Sensing (CRNS) is a ground‐based technique to
monitor the amount of hydrogen present in the local environment, such as soil moisture. It works by detecting
low energy neutrons which are produced by cosmic rays interacting with earth's atmosphere and surface. Like
other ground‐based cosmic ray measurements, CRNS detectors are influenced by the solar cycle and space
weather. These influences are usually removed from CRNS data, but CRNS detectors can also be used
specifically for space weather observation. It is not fully understood how sensitive CRNS detectors are to
various cosmic ray energies. A measurement campaign observing cosmic ray neutrons and muons was carried
out at the peak of solar cycle 25. The campaign covered a large range of geomagnetic cut‐off rigidity. The data
collected is used to determine the sensitivity of the different cosmic rays detectors to cosmic rays of various
energies. Overall, the neutron detectors show similar sensitivity while the muon observations deviate.

1. Introduction
Ground‐based cosmic ray neutron and muon detectors have been in use for decades to study space weather, solar
physics, and radiation impact on Earth. Neutron monitors especially have been used to provide continuous
measurements of galactic cosmic rays and solar energetic particles since the early 1950s (Väisänen et al., 2021).
Increasingly, ground‐based cosmic ray detection is also applied in other disciplines, notably hydrology. Cosmic
Ray Neutron Sensing (CRNS) is a measurement technique to monitor environmental water content using cosmic
ray neutrons (Andreasen et al., 2017; Köhli, 2025; Zreda et al., 2008). Detected neutron count rates serve as a
proxy for hydrogen content in the local environment. Evaporation neutrons produced by primary and secondary
cosmic ray interactions with nuclei in the soil or atmosphere are moderated primarily through elastic scattering
with hydrogen nuclei, making the measured neutron intensity inversely related to the amount of hydrogen present
(Köhli et al., 2015). In contrast to neutron monitors, CRNS detectors do not include materials of high atomic
number (e.g., lead) that have the potential to function as sources of secondary neutron production. Instead,
hydrogen‐rich moderating materials, such as polyethylene, are utilized to optimize the instruments sensitivity for
epithermal neutrons (Köhli et al., 2018). In order to accurately monitor soil moisture, CRNS count rates need to be
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corrected for changes in solar modulation, which is commonly done using either (a) neutron monitor data (Hertle
et al., 2025; McJannet & Desilets, 2023) or (b) co‐located muon detectors (Stevanato et al., 2022). A more in‐
depth explanation of both methods is provided in Appendix A. Both approaches face a similar challenge: the
reference signal is not obtained from the same component of the cosmic ray shower. Neutron monitors contain
lead, which acts as a producer, making them sensitive to high‐energy cascade neutrons and secondary protons
(Clem & Dorman, 2000). Additionally, there have been some differences observed during Forbush decreases
between the response of neutron monitors and CRNS detectors (Hubert, 2024; McJannet et al., 2025; Schrön
et al., 2024). In the case of muons observed differences are even larger. Epithermal neutrons are a result of neutron
evaporation and moderation through the environment, whereas muons are primarily produced by the decay of
mesons formed through cosmic ray spallation. Muon detectors are typically associated with higher median pri-
mary cosmic ray energies than neutron detectors (Poopakun et al., 2025). Accordingly, large differences have
been found during space weather events between neutron and muon observations (McJannet et al., 2025; Riggi
et al., 2025). Consequently, enhancing the correction of CRNS signals for solar modulation variations necessitates
a more profound and quantitative comprehension of the CRNS detectors sensitivity to the primary cosmic ray
spectrum. An improved understanding could also contribute to CRNS detectors being utilized as probes of space
weather, despite their sensitivity to lower neutron energies (Baird et al., 2025; Hands et al., 2021; Riggi
et al., 2025).

Latitude surveys, spanning a broad range of geomagnetic cut‐off rigidities, allow the observation of a changing
range of the primary cosmic ray spectrum. From the change of particle count rate with the change of geomagnetic
cut‐off rigidity a detector‐specific yield function can be inferred which characterizes the sensitivity to the primary
cosmic ray spectrum. There have been a number of latitude surveys done using neutron detectors with the vast
majority of them utilizing a lead producer (Nagashima et al., 1989). Surveys utilizing lead‐free neutron detectors
are comparatively rare. To the best of our knowledge, six such surveys have been performed thus far: in 1976
(Stoker et al., 1980), in 1995 (Nuntiyakul et al., 2018), in 1996–1997 (Villoresi et al., 2000), in 2009–2010
(Nuntiyakul et al., 2020), in 2019–2020 (Hubert et al., 2026), and in 2023–2024 (Nuntiyakul et al., 2025). The
latter was undertaken near the solar maximum; all others near or at solar minimum. The lead‐free detectors
employed in these studies were derived from neutron monitor designs and purpose‐built for latitude surveys, or in
one case Bonner Spheres. Consequently, differences in detector geometry, moderation materials, and moderator
thickness reduce the comparability with relatively standardized lead‐free neutron detectors commonly used in the
scope of CRNS.

Against this background and in light of the fact that the response function of a detector is dependent on both the
primary cosmic ray spectrum (Caballero‐López & Moraal, 2012) and the variations in the spectrum over the
course of the solar cycle (Potgieter, 2013), a more valid comparison of neutron detectors used in CRNS, neutron
monitors and muon detectors is possible if they are included in the same survey. This study presents results from
the first latitude survey combining CRNS detectors (Köhli et al., 2018; Stevanato et al., 2019), a mini neutron
monitor (MNM) (Heber et al., 2015; Strauss et al., 2020), and muon detectors. The experiment was conducted
during the maximum of solar cycle 25 onboard the German research icebreaker Polarstern (Hanfland & Cor-
nish, 2025; Knust, 2017).

2. Methods
2.1. Measurement Campaign

In November 2024 two CRNS detectors, described below, were installed aboard the German ice‐breaking
Research Vessel (RV) Polarstern operated by the German Alfred Wegener Institute, Helmholtz Centre for Po-
lar and Marine Research (Knust, 2017). One MNM and one muon telescope were already permanently installed
on the same vessel. All detectors were installed within close proximity of each other, near the top of the vessel.
The RV Polarstern set sail on the 23 November 2024 in Bremerhaven, Germany toward Antarctica and returned
on the 14 April 2025. The RV Polarstern crossed southwards in the eastern South Atlantic Ocean, while the
northbound journey was undertaken in the western South Atlantic Ocean. The full route and all visited ports are
shown in Figure 1, alongside the apparent cut‐off rigidity during the voyage. The cut‐off rigidity quantifies the
local shielding of the geomagnetic field. For every point on earth there can be a minimum particle rigidity value
associated such that a particle is able to reach that point from space (e.g., Cooke et al., 1991). The apparent cut‐off
rigidity during the voyage ranges between 0 and 14.6 GV and was computed using the Open‐Source
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Geomagnetosphere Propagation Tool (OTSO), which performs particle tra-
jectory tracing in the magnetosphere (for details see Larsen et al., 2023).
Apparent cut‐off rigidities were computed at three‐hour intervals for the
position of the Polarstern using the geomagnetic models IGRF 14 as well as
Tsyganenko89 (Tsyganenko, 1989) and utilizing the Kp‐Index as a measure
of geomagnetic disturbance (Matzka, Stolle, et al., 2021). Additionally, a grid
of vertical cut‐off rigidities for the entire globe in 5° resolution has been
computed for visualization purposes, utilizing only the IGRF 14 (given as
Supporting Information S1).

The campaign is set in the maximum of solar cycle 25, during which the
sunspot number showed a steady decline from its peak in summer of the 2024
(WDC‐SILSO, Royal Observatory of Belgium, Brussels, https://doi.org/10.
24414/qnza‐ac80).

2.2. Detectors

CRNS detectors are not standardized to the same extent as neutron monitors.
There are two different commonly used detection techniques: gas based
ionization detectors and scintillator based detectors. Further, the material and
thickness of shielding are not uniform across all CRNS detectors. As such,
multiple detectors utilizing different detection techniques were included in
the latitude survey.

2.2.1. Mini Neutron Monitor

The MNM, shown in Figure 2e, was installed in 2012 aboard the RV
Polarstern (Heber et al., 2015) and is a compact neutron monitor whose core
element is a 3He‐filled proportional counter (Strauss et al., 2020). Originally,

Figure 1. Track of the Research Vessel (RV) Polarstern between 23.11.2024
and 14.04.2025, with the apparent cut‐off rigidity shown as a color scale.
Cut‐off rigidities not on the track of the Polarstern RV are shown as dotted
contours, with the respective vertical cut‐off rigidity annotated in GV. These
have been computed in a 5° grid. All visited ports are annotated.

Figure 2. (a) Image of the Polarstern Research Vessel (Folke Mehrtens/Alfred‐Wegener‐Institut (CC‐BY 4.0)), the position
of all detectors is marked by an arrow. (b–e) Detectors utilized in the latitude survey.
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it was designed to calibrate different neutron monitors (Moraal et al., 2000). The 3He tube exploits the neutron‐
capture reaction 3He + n →3H + p + 0.76MeV with a diameter of 51 mm and a length of 652 mm in which the
released energy produces a well‐defined ionization signal that is readily detected and discriminated against
electronic noise. The 3He counter is embedded in a cylindrical polyethylene moderator that thermalizes fast
neutrons. The surrounding lead producer enhances the neutron yield through spallation reactions. The resulting
detector assembly has a cylindrical geometry with a diameter of approximately 320 mm and a length of about
800 mm, and a total weight of roughly 250 kg (Walter et al., 2024). Details on the MNM design can be found in
Strauss et al. (2020) and references therein.

2.2.2. CRNS–Quaesta Instruments

The Quaesta Instruments provided CRNS system, shown in Figure 2b, consists of a 3He proportional counter,
Neutron Pulse Module and DL2200 datalogger in a polyethylene box with 2.5 cm thick walls. Since the pro-
portional counter exploits the same reaction as the MNM, the essential difference between them is to be found in
the different thickness of polyethylene moderator and lack of lead producer, shifting the response of the detector
to the epithermal neutron range. The neutron response function can be found in Millán‐Callado et al. (2025).

2.2.3. CRNS–Finapp

The Finapp CRNS device, shown in Figure 2c, is a scintillator‐based detector, made of Ag doped Zinc Sulfide,
mixed with Lithium‐6 Fluoride powder embedded in a silicone‐based matrix. Lithium‐6 provides the capture of
thermal neutrons according to the reaction: 6Li + n→3H+4He + 4.78MeV

The scintillator sheets are sandwiched with wavelength shifter slabs in a multilayer structure, encapsulated into a
polyethylene moderator shield with a thickness of 15 mm, designed to shift the overall detection efficiency of the
device to the epithermal range, with the highest response in the 1 eV–100 keV range. A simulated neutron
response function can be found in Vykydal et al. (2025). Furthermore, the instrument is able to detect muons and
electrons by discrimination of the temporal profile of the scintillator's light signal.

Unfortunately, any data taken by the Finapp instrument after 5 December 2024, was lost due to a corrupted
storage medium. Therefore, only 12 days of data could be obtained from the Finapp CRNS.

2.2.4. Muon Telescope

The muon telescope, shown in Figure 2d, consists of two detector planes arranged one over the other at a distance
of 50 cm. A plane contains 4 independent scintillator plates (25 × 25 cm2 each). To suppress false signals, every
scintillator plate is read out separately by two 4‐channel photo‐multipliers (Hamamatsu R5900U‐00‐M4). The
2 × 8 signals are processed by the data acquisition electronics to define the coincidence condition of the two
signals of one scintillator. For a muon to be registered, coincidence between one scintillator of the upper plane and
one scintillator of the lower plane is required, resulting in one of 16 possible directional combinations, of which 9
are unique. Due to the pitch, heave and roll of the vessel, this directional information is not used. Therefore, only
the muon rate as the sum of all 16 coincidence combinations per hour is considered in this analysis.

2.3. Detector Response

The response of a ground‐based cosmic ray particle detector can be thought of in two ways. First, the detector is
sensitive to a specific energy range of particles that are directly measured. For a CRNS detector these would be
epithermal neutrons. Second, the detector is sensitive to a specific part of the primary cosmic ray spectrum. The
yield function of a detector quantifies the latter. Further, the detected signal then depends on the primary cosmic
ray spectrum. The primary cosmic ray spectrum is mainly composed of protons and alpha particles but also
contains heavier nuclei (Simpson, 1983). For each particle species a yield function informs how sensitive the
detector is to differing energies of that particle. The primary cosmic ray spectrum is subject to changes over the
solar cycle (Moraal, 2013), with lower rigidity particles generally most affected. The count rate N, dependent on
cut‐off rigidity Rc, of a particle detector can be described as the combination of yield function and cosmic ray
spectrum, summed over all particle species (Clem & Dorman, 2000):
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N(Rc,x,ϕ) = ∑
i
∫

∞

Rc
Yi(R,x) ji(R,ϕ) dR . (1)

Here, Yi is the yield function, dependent on particle rigidity R and atmospheric depth x (Mishev et al., 2020). The
primary cosmic ray spectrum for each cosmic ray species is ji. The primary spectrum is dependent on solar activity
and can be approximated through the Force‐Field approximation of the Parker Transport Equation (see e.g. a
review by Moraal, 2013). The Force‐Field approximation relates the local primary cosmic ray spectrum to the
local interstellar spectrum (Gleeson & Urch, 1973) through the solar modulation potential ϕ

ji = jLIS,i (EKin +Φi)
EKin (EKin + 2mi)

(EKin +Φi) (EKin +Φi + 2mi)
, (2)

with Φi =
eZi
Ai
ϕ, where e is the electron charge, Zi and Ai are the charge number and mass number of species i,

respectively, andmi is the cosmic ray rest mass per nucleon, and EKin the kinetic energy per nucleon. For the local
interstellar spectrum jLIS,i a parametrization by (Vos & Potgieter, 2015) is utilized

jLIS,i = 2.70 Ci
(EKin)1.12c2

v2
(
EKin + 0.67

1.67
)

− 3.93

, (3)

where EKin is given in GeV, v is the particle velocity, c is the speed of light and Ci is a coefficient introduced by
Koldobskiy et al. (2019) to scale the proton spectrum for helium isotopes. The coefficient itself is dependent on
the solar modulation parameter ϕ

CHe = 4.3 ⋅ 10− 8 ϕ2 − 6.2 ⋅ 10− 7 ϕ + 0.337 . (4)

The solar modulation ϕ is taken from Väisänen et al. (2026), which is determined with a root mean square error
merit function method based on hourly NM data from 38 stations, hourly cut‐off rigidity computations based on
Tsyganenko (1989), yield function by Mishev et al. (2020) and LIS from Boschini et al. (2020).

2.4. Data Processing

As can be seen in Figure 3a, the MNM suffers from significant spiking. These short term increases may be caused
by high frequency signals from other machinery operated abroad the Polarstern RV. Therefore, the reduction of
outliers constitutes a critical component of data processing. For consistency, all data are processed as follows:

First, all counts exceeding a threshold of twice the median count rate below 1 GV apparent cut‐off rigidity are
removed. At this threshold the data lies outside of a physically realistic value range and can be assumed to
represent large outliers. An exception to this would be a Ground Level Enhancement (GLE), but no GLEs were
observed during the latitude survey (https://gle.oulu.fi/).

Second, the data are binned into 12‐hr intervals. For each bin, the median is calculated, alongside the Poisson
standard deviation σP of the median and the Gaussian standard deviation σG of the 12‐hr bin. Now for each bin
data within four Poisson standard deviations in both directions from the median are retained. While the count rate
of a neutron detector follows a Poisson distribution, the spikes do not. Thus a window of 4σP retains the majority
of Poisson distributed counts while rejecting non‐Poisson distributed counts. The effectiveness of this method is
demonstrated by the CRNS detectors. As they do not exhibit heavy spiking (see Figure 5), they are entirely
unaffected by the 4σP threshold.

Third, in some bins the data are noisy to such an extent that the median lies outside a realistic value range and the
second step is no longer effective. In order to remove these, the ratio of Poisson and Gaussian standard deviation is
scrutinized. Poisson distributions approach a Gaussian form with increasing event rate. Therefore, for 12‐hr bins
and the count rate of the MNM the ratio of the Gaussian and Poisson standard deviation is expected to be near
unity, the actual ratio σG/σP is shifted toward slightly higher values since variations in atmospheric parameters
and drifts across rigidities are not captured by σP. Further, the variance introduced into a bin by heavy spiking is
not captured by a Poisson distribution, but is captured by the Gaussian standard deviation of the bin. Therefore,
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the ratio σG/σP increases significantly in such bins, as shown in Figure 3b. Thus, this ratio allows for discrim-
ination of bins that include heavy spiking. It can be seen in Figure 3c that the distribution of the σ‐Ratio is densely
clustered between 1.0 and 1.4 and then abruptly declines. Therefore, all bins where the ratio σG/σP exceeds 1.4 are
removed, approximately 11% of all bins.

In total, approximately 13% of the MNM data points have been removed, while no data points were removed from
the count rates of all other detectors.

The count rates Nobserved of all detectors have to be corrected for atmospheric changes, specifically pressure,
temperature and humidity

Ncorrected = Nobserved ⋅Cp ⋅CT ⋅Ch. (5)

The correction factors CP, CT and Ch correct for pressure, temperature and humidity respectively. Not all de-
tectors require all three corrections, if any correction is not required, the correction factor is set to 1. Since the
detectors were mounted inside a climate controlled environment, atmospheric pressure, temperature and humidity
were obtained from an external weather station aboard the RV Polarstern (Schmithüsen, 2026).

2.4.1. Atmospheric Pressure Correction

The influence of atmospheric pressure on secondary cosmic rays is well established theoretically (Dorman, 2004)
and empirically (Cecchini & Spurio, 2012; Mendonça et al., 2019; Schrön et al., 2024). Commonly, the influence
of atmospheric pressure is corrected using an exponential relation

CP = eβ(P− Pref ), (6)

with P being the atmospheric pressure and Pref the reference pressure. β is the barometric coefficient. The effect of
atmospheric pressure on secondary particle count rate is dependent on the energy of the secondary but also the
primary producing particle's energy (Dorman, 2004). Therefore, the barometric coefficient is dependent on the
cut‐off rigidity of the measurement site and the current solar modulation of primary cosmic rays (Kobelev
et al., 2011). Since the variations with the progressing solar cycle are minor and mostly visible over long time
periods, they can be neglected in this work as the campaign spanned less than 6 months. In contrast, during the
latitude survey the detectors passed through apparent cut‐off rigidities between 0.0 and 14.6 GV, and are therefore
susceptible to change in the barometric coefficient. For neutron detectors numerous formulas for the barometric
coefficient have been proposed (Clem & Dorman, 2000; Desilets & Zreda, 2003; Dunai, 2000; Nuntiyakul
et al., 2014; Tirado‐Bueno et al., 2021), while we are only aware of one proposed barometric function for muons
(Mendonça et al., 2019). All of these have been derived empirically from either latitude survey data or through a
combination of identical, permanently installed stations at different cut‐off rigidities.

Figure 3. Outlier removal of the mini neutron monitor (MNM) data. (a) MNM raw data alongside the maximum count
threshold and the 4σP threshold. (b) Ratio of Gaussian and Poisson standard deviation with the σ‐ratio threshold. (c) The
distribution of σG/σP with the σ‐ratio threshold.
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As a consequence, the derived barometric coefficients are dependent on the
sensitivity of the specific detector used. Therefore, their direct applicability to
other detectors, with different particle energy sensitivity, is reduced. This is
simply demonstrated by evaluating the Pearson correlation coefficient be-
tween the pressure corrected count rate utilizing different barometric co-
efficients and the atmospheric pressure. For reference, a constant barometric
coefficient derived from the data itself is also included, alongside the un-
corrected count rate. As atmospheric pressure correlates with latitude which
in turn correlates with apparent cut‐off rigidity, the comparison is only
meaningful for Rc < 1GV, where the atmospheric cut‐off exceeds the
geomagnetic (Poluianov & Batalla, 2022).

Table 1 shows that all methods are able to remove the pressure dependence
effectively. Yet, small differences between them remain discernible. The anti‐
correlation of the raw CRNS data to pressure is slightly higher than for the
MNM data. One reason for this could be residual noise in the MNM signal.
Another possible explanation lies in the neutron energy range the specific
detectors are sensitive to. It is notable that the best and worst methods for each

detector differs, while the data fitted approach performs comparatively well for both. A comparison at rigidities
below 1 GV is not necessarily representative across rigidities. Additional uncertainties arise in this context. The
different barometric functions presented above do not only disagree in parametrization but in their form being
linear, logarithmic, exponential or polynomial. A choice of one functional shape might influence the scaling with
rigidity. Therefore and due to the observed effectiveness below 1 GV, the constant data‐derived coefficient is used
for the neutrons, specifically βN = 0.00754.

In the case of muons, the published method is also compared in Table 1 to a constant barometric coefficient
derived from the data. Clearly, neither coefficient removes the pressure dependence as effectively as in the
neutron case. However, the constant coefficient derived from the data is more effective. This might be again due
to a difference in the muon detector's energy sensitivity. As with the neutrons the constant data‐derived coefficient
is used, βM = 0.0025.

2.4.2. Atmospheric Temperature Correction

Atmospheric temperature also exhibits an influence on particle count rate in ground‐based measurements. In
contrast to atmospheric pressure, the effect of temperature on secondary neutrons is negligible (Dorman, 2004),
therefore for all neutron measurements CT = 1 is assumed. In contrast, there exists a pronounced temperature
effect for muons (de Mendonça et al., 2016; Mendonça et al., 2019; Stevanato et al., 2022; Tanaka, 2025;
Verpoest et al., 2024). The influence of atmospheric temperature is commonly corrected using the relation

CT = (ϑ(T − Tref) + 1)− 1, (7)

where T refers to atmospheric temperature, Tref to the atmospheric temperature reference and ϑ is the thermal
coefficient.

As observed for pressure, the temperature effect is also dependent on the primary particle spectrum. Again, the
change of the temperature coefficient over time due to changes in solar modulation is negligible in this case. As
with pressure, only one method has been proposed to derive the thermal coefficient from cut‐off rigidity
(Mendonça et al., 2019). Here again the benefit of a changing thermal coefficient with cut‐off rigidity is out-
weighed by the difference in energy sensitivity between the detector used for deriving it and the detector installed
on the RV Polarstern. Thus, a constant data‐derived thermal coefficient is used with ϑ = 0.0026.

As has been described above, both the barometric and thermal correction coefficients are dependent on cut‐off
rigidity. Therefore, utilizing constant barometric and thermal correction coefficients is an approximation and
may impact the derived Dorman and Yield functions. A constant barometric coefficient can potentially lead to a
slightly less steep Dorman function, as all proposed barometric functions increase with rigidity. Crucially, the
intercomparability between the count rates is unaffected.

Table 1
Pearson Correlation Coefficient Between Neutron and Muon Count Rates
and Pressure for RC < 1 GV

Method Quaesta CRNS MNM Muon telescope

Uncorrected data − 0.947 − 0.904 − 0.617

Clem and Dorman (2000) − 0.143 − 0.145 –

Dunai (2000) 0.038 − 0.043 –

Desilets and Zreda (2003) 0.056 − 0.031 –

Nuntiyakul et al. (2014) − 0.060 − 0.111 –

Mendonça et al. (2019) – – − 0.383

Tirado‐Bueno et al. (2021) − 0.032 − 0.091 –

Fitted on data − 0.030 − 0.090 − 0.257

Note. The correlation coefficient is shown for both uncorrected and pressure
corrected data utilizing different barometric coefficients.
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2.4.3. Atmospheric Humidity Correction

The effect of atmospheric humidity on epithermal neutrons is well established (Köhli et al., 2021; McJannet
et al., 2025; Rosolem et al., 2013; Schrön et al., 2024). Therefore, a humidity correction is commonly applied
(Bogena et al., 2022; Evans et al., 2016). The correction takes the shape (Rosolem et al., 2013):

Ch = (1 + 0.0054(h − href)) (8)

where h refers to the absolute humidity and href the reference absolute humidity. The correction factor was
originally derived for CRNS detectors deployed over soil (Rosolem et al., 2013) and it has been demonstrated that
the humidity correction is soil moisture dependent (Köhli et al., 2021). Yet, the original coefficient is still utilized
since two separate deployments over water at different cut‐off rigidities have demonstrated its effectiveness
(McJannet et al., 2025; Schrön et al., 2024). An effect of water vapor on the count rates of neutron monitors has
been suggested (Mangeard et al., 2018; Ruffolo et al., 2016) but a correction is not commonly applied, due to the
much lower influence compared to epithermal neutrons. To be consistent with the standard corrections applied to
data from neutron monitors the humidity correction is only applied to CRNS data, thus for all other detectors
Ch = 1. However, for comparison with previous latitude surveys utilizing lead‐free neutron monitors which are
considerably more sensitive to epithermal neutrons, CRNS data is also shown without humidity correction.

2.4.4. Short Term Solar Modulation and Space Weather Events

To reduce the influence of space weather events on the observed reduction in count rate with rigidity, the Oulu
neutron monitor was designated as a reference, alongside the Kp‐Index as a measure of geomagnetic disturbance
(Matzka, Stolle, et al., 2021). As shown in Figure 4 one strong Forbush decrease with geomagnetic disturbance
occurred during the campaign. This event occurred during the southbound voyage approximately between 2.5 and
0 GV, it can also be readily observed in the CRNS Quaesta and MNM count rate in late December 2024, as shown
in Figure 5. While the count rate during the Forbush decrease is shown for completeness in Figure 5, it has been
removed from the data set for all subsequent analysis. The exact date range that has been removed is from 22
December 2024 until 10 January 2025 (marked grey in Figure 4).

Furthermore, the solar cycle maximum is characterized by rapid development of heliospheric conditions. This is
particularly relevant as the campaign coincides with the expected polarity reversal of the Sun's southern hemi-
sphere (Jha & Upton, 2024). In order to capture some of the heliospheric dynamics during the survey, the

Figure 4. (a) Count rate of the Oulu neutron monitor, (b) Kp‐Index and (c) solar modulation potential ϕ during the campaign.
The split into southbound and northbound journey is marked as a grey dotted line. (d) Solar modulation potential shown
against the apparent cut‐off rigidity associated with the position of the Research Vessel Polarstern.
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campaign is split into a southbound and northbound voyage. The solar modulation potential during the south-
bound voyage exhibits a much larger variation than the during the northbound voyage.

3. Results
The count rates of all detectors are shown in Figure 5. All detectors exhibit a pronounced reaction to changes in
apparent cut‐off rigidity. The MNM and CRNS detectors show a relative reduction in count rate of approximately
40% over the course of the voyage. As expected, the muon detectors show a smaller reduction than the neutron
detectors, with a maximum reduction of approximately 15%.

The two different CRNS techniques exhibit good agreement within the first 2 weeks. The Finapp CRNS shows
higher variation, presumably due to a lower count rate, as the relative difference in variation is in‐line with the
Poisson standard deviation. In comparison, the discrepancy between the Finapp muon channel and the muon
telescope is larger. While both detectors observe a similar trend, they frequently deviate from another. This is
especially apparent during the Rotterdam port visit and immediately afterward (see Figure 5g). Here, the muon
telescope shows a reduction in count rate approximately 12 hr before the Finapp muon channel.

Furthermore, as can be seen in Figure 5c, the rate distribution of the muon telescope shows significantly greater
deviations compared to the more uniform neutron rate distributions. These cannot be explained by changes in
apparent cut‐off rigidity or by temperature or pressure influences. In particular, the anomalous increases in the
count rate in mid‐December 2024 and late March 2025 were not observed in previous years. Since there was no
evidence of any external influence on the detector electronics during these periods, the cause of the signal
fluctuations observed between December 2024 and March 2025 in the muon telescope remained unclear.

A clear and expected feature, that can be readily observed in Figure 5a, are elevated count rates in the CRNS
detectors as the ship approaches the coast or lies in port. The phenomenon has been previously observed by
Nuntiyakul et al. (2018, 2020) using lead‐free neutron detectors, which are comparable in design to CRNS

Figure 5. (a–c) Normalized count rates of all detectors, smoothed with a 12‐hr rolling window. (e–g) Normalized count rates
during the first 2 weeks of the campaign, smoothed with a 3‐hr rolling window. (d), (h) Apparent cut‐off rigidity associated
with the position of the Research Vessel Polarstern. Time spent near land has been marked in grey and annotated with the
initial letter of the respective port (R: Rotterdam, L: Las Palmas, W: Walvis Bay, S: Stanley, M: Mindelo).
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detectors. Elevated count rates are not observed in the MNM or in either muon detector, as can be seen in
Figures 5b and 5c. This is expected as the neutrons detected by the MNM and CRNS do not share the same origin.
Water holds comparatively low neutron evaporation potential in comparison to soil (Weimar, 2022). Furthermore,
the hydrogen contained in water is an exceedingly effective neutron moderator. Thus, in the case of CRNS
deployment over water it can be assumed that almost the entirety of the neutrons detected by the CRNS detector
originates either in the atmosphere or in the steel construction of the ship (Weimar, 2022). As the ship approaches
the shoreline, a growing number of albedo neutrons originating on dry land is able to reach the detectors. These
albedo neutrons increase the CRNS count rate, but are unable to induce elevated counts in the MNM due to its
thicker shielding. Since the MNM count rate does not increase it can be assumed that the neutrons produced in the
MNM's lead by high energy protons and neutrons are the dominant source of counts and any albedo neutrons that
are able to penetrate the shielding represent only a small fraction of the overall count rate. Therefore, neutrons
originating in the local environment have little influence. The CRNS count rate over the distance to the nearest
land is shown in Figure 6a for three visited ports, alongside an example of the ship's track in the port of Rotterdam.
The CRNS count rate is reduced by approximately 10% over a distance of 250 m from the shore, which is in line
with the assumed CRNS footprint (Schrön et al., 2017, 2023). For further analysis all time spent in port or near the
shore, marked grey in Figure 5, has been removed from the data.

The behavior of the detector count rates with changes in apparent cut‐off rigidity characterizes the detector
response. Figures 7a and 7b show the variation of particle count rates of all detectors as a function of apparent cut‐
off rigidity. The hourly count rates are fitted with the Dorman function (Clem & Dorman, 2000), which describes
count rate as a function of cut‐off rigidity:

N = N0 (1 − e− αR
− κ
c ). (9)

The fitted parameters alongside the fitting errors are shown in Table 2. The Finapp count rates are shown, but have
not been fit because of the small amount of data due to above‐mentioned reasons. The data from the muon
telescope for the southbound route were likewise not analyzed due to the aforementioned signal fluctuations of
unclear origin that occurred in December 2024. Given the strong anomalous signature, it was not possible to
derive meaningful coefficients. The muon telescope data for the northbound route were analyzed; however, it
should be noted that the fitting error of α remains more than an order of magnitude higher than that of the MNM
and CRNS detector. This is likely due to an anomalous increase in counts in March 2025, which causes an in-
crease of count rate at the highest rigidity and can be readily observed in Figure 5c. Another potential explanation
is that the Dorman function was originally derived for neutron monitor measurements. Given the different dy-
namics of muon measurements with respect to cut‐off rigidity, the data collected across the range of apparent cut‐
off rigidities span a comparatively smaller range of the muon Dorman function. This leads to a less defined
function in comparison to neutron measurements. General statements about the shape of the muon telescope
Dorman function can nevertheless be made. As shown in Figures 7a and 7b, the muon detector exhibits a much
weaker modulation caused by increased rigidity compared to both neutron detectors. During the southbound
journey the neutron detectors exhibit a nearly identical response, with only small deviations. The northbound
journey shows a greater difference between the neutron detectors. The behavior of the neutron detectors below 1

Figure 6. (a) Count rate of the Quaesta Cosmic Ray Neutron Sensing detector near the shore of three ports, with a function
(Wr) of theoretical neutron contribution to the detector count rate over distance from Schrön et al. (2017). The visited ports
are Rotterdam (The Netherlands), Las Palmas de Gran Canaria (Spain) andWalvis Bay (Namibia) (b) Map of the ship's track
in the port of Rotterdam. Map data is taken from OpenStreetMap.
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GV is well characterized, where the atmospheric cut‐off is comparable to the magnetic cut‐off (Poluianov &
Batalla, 2022). As expected this is consistent between both journeys. For the muon telescope an analogous
threshold is reached at a rigidity of approximately 4 GV, which has been reported previously in Carmichael
et al. (1969).

From the Dorman function the Differential Response Function of each detector can be calculated

DRF = −
d ln N
d R

=
α κ R− κ− 1

eα R− κ
− 1

. (10)

Since the differential response function is independent of absolute particle counts it is ideal to compare the
different detectors against each other, as shown in Figures 7c and 7d. It should be noted that the shape of the DRF

Figure 7. Normalized count rates of all detectors over apparent cut‐off rigidity for the (a) southbound and (b) northbound
journeys respectively. Points are scattered data in 12‐hr resolution lines are Dorman functions fitted to the data in 1‐hr
resolution, the band indicates an error of 3σ of the fit. Differential response function for the three detectors that could be fit
with a Dorman function for the (c) southbound and (d) northbound journey.

Table 2
Parameters of the Dorman Function (See Equation 9) Fitted to the Latitude Survey Data as Shown in Figures 7a and 7b

Journey Detector N0 (s− 1) α (GVκ) κ (− )

Southbound MNM 1.182 ± 0.001 8.28 ± 0.20 0.834 ± 0.010

Quaesta CRNS 1.938 ± 0.001 8.52 ± 0.14 0.847 ± 0.006

Muon Telescope – – –

Northbound MNM 1.178 ± 0.001 10.42 ± 0.25 0.917 ± 0.010

Quaesta CRNS 1.931 ± 0.001 12.24 ± 0.16 0.985 ± 0.005

Muon Telescope 3.449 ± 0.002 26.9 ± 3.6 0.825 ± 0.052
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is still dependent on the solar modulation, as changes in the primary spectrum are reflected in the Dorman function
(Nuntiyakul et al., 2014). There is a large difference between the neutron and muon detectors. While the response
for both neutron detectors peaks below 10 GV during both journeys, the muon telescope's response is still rising at
15 GV. This indicates that the peak response of the muon detector lies above the highest cut‐off rigidity of the
geomagnetic field. In contrast, the difference between the CRNS and MNM is much smaller, yet still significant.
There is also a clear change between the southbound and northbound journeys. Both DRFs are shifted to slightly
higher energies. Furthermore, the CRNS experiences a larger shift in comparison to the MNM. To characterize
this behavior the peaks can be examined, during the southbound journey, the CRNS and MNM peak at 6.1 G and
6.0 GV respectively, while during the northbound voyage they peak at 7.8 and 7.2 GV. Simultaneously, the peak
differential response also increases by 4.1% in the case of the CRNS and 0.8% for the MNM.

The Dorman function then can be used to derive the yield function for protons YH following the formalism of
Caballero‐López and Moraal (2012, Equation 18)

YH = −
dN
dR

( jH(R) + 1.584F(R) ⋅ jHe(R))
− 1
. (11)

While Equation 1 contains a sum over all particle species, Equation 11 only contains hydrogen and helium
explicitly, this is due the heavier nuclei having been absorbed into an effective scaling, contributing the factor of
1.584. The contributions of helium and hydrogen to the overall count rate are separated a parametrized double
power law,

F(R) = 2(0.451.4 + R1.4)− 10/1.4R10. (12)

Further details on the derivation of these factors can be found in Caballero‐López and Moraal (2012). While the
Dorman functions and the DRF in Figure 7 were purely derived on the data collected during the Latitude survey,
the derivation of a yield function necessitates a primary spectrum. The spectrum used is dependent on several
choices, specifically the force‐field approximation, jLIS parametrization, and the derived modulation potential ϕ.
Therefore, it should be noted that the derived yield function is not purely data‐driven.

The hydrogen yield functions for the Quaesta CRNS detector and the MNM are shown in Figure 8a. A yield
function for the CRNS detector without humidity is also shown for the northbound journey, as this processing step
is not commonly observed in previous surveys. The non‐humidity corrected CRNS yield shows a clear increase
below 6 GV in comparison with the fully corrected CRNS. It is important to note, that the yield function is
dependent on the actual count rate achieved by the detector. Comparisons should therefore be made utilizing
normalized yield functions shown in Figures 8b–8d.

The normalized yield functions of the CRNS and MNM show almost exact agreement during the southbound
journey, but diverge below approximately 5 GV during the northbound journey, which was to be expected given
the results shown in Figure 7. Furthermore, there is a clearly observable difference between the journeys in both
the CRNS and MNM yield functions.

The influence of the humidity correction can be clearly seen in Figure 8a. The CRNS yield function with and
without humidity correction agree at higher rigidities but diverge below 5 GV. Below this point the yield function
without humidity correction is comparatively increased. The yield function without humidity correction is only
shown for the northbound journey, since the relative behavior on the southbound journey is the same.

The normalized yield functions are compared to previous latitude surveys in Figures 8b and 8c. For the MNM, the
northbound yield function shows close agreement with the yield function derived by (Caballero‐Lopez, 2016) and
with a 3NM64 yield function based on (Nuntiyakul et al., 2018), while the southbound MNM diverges below
5 GV. For the Quaesta CRNS, comparison with previous non‐leaded surveys (Nuntiyakul et al., 2018, 2020)
shows general agreement above 5 GV. Below this threshold, the southbound CRNS and (Nuntiyakul et al., 2018)
are consistent, while (Nuntiyakul et al., 2020) and the northbound CRNS diverge. Figure 8d includes a simulated
CRNS yield function reported in Baird (2024). This yield function was computed by combining Geant4 simu-
lations of a CRNS detector and its local environment (silica soil, 40% volumetric soil moisture) with the Model of
Atmospheric Ionising Radiation Effects (MAIRE), (Hands et al., 2022; Lei et al., 2004). Clear discrepancies
between the modeled yield function and those derived in this work are apparent. The most significant difference is
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in the shape: while the derived functions show a smooth curve, there is a noticeable knee in the simulated function
around 5 GV. Below this knee the two journeys lie on either side of the simulated yield functions.

4. Discussion
The observed difference between the south‐ and northbound journeys indicates that not all changes between these
two journeys have been taken into account. As shown in Figure 4 the largest difference between them is the
behavior of the solar modulation potential, exhibiting a much greater variation during the southbound journey.
The coefficients of the Dorman function are dependent on the solar modulation. Therefore, strong short term
variations in the solar modulation could lead to different Dorman functions being observed at different rigidities.
These short term changes in the count rate can not be captured when the data is fit with the Dorman function over
an entire journey nor can the primary spectrum (Equation 2) accurately represent them using the mean solar
modulation potential of the entire journey. This likely explains why the southbound MNM yield diverges below
5 GV from both the yield function derived by Caballero‐Lopez (2016) and the 3NM64 yield function based on
Nuntiyakul et al. (2018), while the northbound MNM agrees well with both (Figure 8b). It should also be noted
that the overall contribution to neutron monitor count rate from primaries below 3 GV is low (Gieseler
et al., 2017), which is precisely the rigidity range where the journey‐to‐journey differences are largest.

The picture is more nuanced for the CRNS comparison with previous non‐leaded surveys (Figure 8c). Above
5 GV all yield functions agree well, which is reassuring given the differences in detector geometry and solar
conditions across surveys. Below this threshold, however, the southbound CRNS is consistent with Nuntiyakul
et al. (2018) who conducted a 1995 solar minimum survey using a BF3 counter surrounded by 5 cm of urethane

Figure 8. (a) Yield functions of the Quaesta Cosmic Ray Neutron Sensing (CRNS) and mini neutron monitor (MNM). The
same yield functions are shown in all panels. (b) Comparison of the MNM yield function to previous leaded neutron detector
surveys (Caballero‐Lopez, 2016; Nuntiyakul et al., 2018). (c) Comparison of the Quaesta CRNS yield function to previous
unleaded but moderated neutron detector surveys (Nuntiyakul et al., 2018, 2020). The CRNS Quaesta yield is also shown
without humidity correction (see Section 2.4.3), marked as no Ch. (d) Comparison of MNM and CRNS yield to a simulated
yield function taken from Baird (2024), alongside an error of 3σ around the CRNS and MNM yield.
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foam. On the other hand, the northbound CRNS diverges from Nuntiyakul et al. (2020), who conducted a survey
2009–2010 utilizing a non‐leaded 3He detector moderated by approximately 2.5 cm of paraffin wax, which is
geometrically the closest analogue to the Quaesta CRNS among all previous surveys. Disentangling whether the
divergence reflects differences in moderator geometry or in the assumed primary spectrum is non‐trivial, since
Nuntiyakul et al. (2018) used Equation 2 to derive the spectrum while Nuntiyakul et al. (2020) used PAMELA
measurements (Adriani et al., 2013).

In order to isolate the spectral contribution, the yield function of Nuntiyakul et al. (2020) was re‐derived utilizing
Equation 2. This re‐derived yield function is closer to Nuntiyakul et al. (2018) but still clearly separated, indi-
cating that both moderator material and thickness and the primary spectrum are of key importance. Importantly,
the re‐derived Nuntiyakul et al. (2020) agrees well with the northbound CRNS without humidity correction,
lending credibility to the northbound results and highlighting that the choice of humidity correction (which is in
turn potentially dependent on cut‐off rigidity) has a substantial influence on the yield function shape below 5 GV.

The comparison of the derived yield functions and the simulated yield function by Baird (2024) reveals different
trajectories (Figure 8d), which may arise from different underlying causes. The most obvious difference between
the simulation and reality lies in the environmental response simulation: the simulation considered a CRNS
detector surrounded by wet soil, rather than a large ship surrounded by saline water. Additionally, the radiation
transport from the top of the atmosphere to an altitude of 200 m was performed with the MAIRE model, which
assumes a static, dry atmosphere. There are also assumptions in arriving at the derived yield function which must
also be considered, primarily the accuracy of the assumed spectrum, and the ratio of the proton yield function to
the alpha yield function. Further work is required to fully understand the discrepancy.

The observed dynamics between the normalized humidity corrected CRNS and MNM contrasts with previously
reported differences during solar events, particularly GLEs. During a GLE the primary cosmic ray spectrum
experiences an increase of low energy protons. GLE observations in leaded and non‐leaded detectors indicate a
higher yield for unleaded than leaded detectors in the low energy range (Vashenyuk et al., 2007). The yield
functions derived in this work exhibit the opposite behavior, yet they show partial agreement with previous
latitude surveys as shown in Figure 8. It should also be noted that the same dynamic of the CRNS and MNM was
already seen in the Dorman function (Figure 7) and is therefore not dependent on the derivation of the yield
function. It is clear from Figure 8a that the humidity correction has a large influence on the shape of the yield
function below approximately 5 GV. A cut‐off rigidity dependence of the humidity correction could introduce a
significant change in the yield function, as the atmospheric humidity is correlated with latitude, which in turn is
correlated with cut‐off rigidity. Furthermore, the steel body of the vessel may influence the neutron count rates,
through the ship effect (Kouzes et al., 2008). The presence of large masses of an efficient neutron evaporator will
change the local neutron field. Therefore, if a neutron detector is placed inside this affected field it will observe a
different count rate than if it where placed inside the same environment without the efficient neutron evaporator.
This discrepancy is especially strong on ships since iron is an exceedingly efficient neutron evaporator and water
an especially poor one. Thus, on a ship at sea, the local neutron field is heavily dependent on the ships ability to
evaporate neutrons. If the neutron detector and ship are now observed as one system, then the overall response
function of that system will diverge from just the neutron detector over water. This fact can be simply illustrated
by comparing the response functions of a neutron monitor and a bare neutron detector (Clem & Dorman, 2000;
Millán‐Callado et al., 2025). Due to the comparatively thinner shielding and absence of a lead producer it is
plausible that a CRNS detector would be more strongly affected by the large iron mass of the ship than the MNM.

The rigidity at which the muon telescope Dorman function plateaus, as shown in Figure 7a, indicates that the
minimum rigidity for a primary particle to produce a shower that results in a muon observable at sea level is
approximately 4 GV, corresponding to a proton kinetic energy of 3.2 GeV. The origin of this difference between
neutron and muon responses is not immediately evident; however, two plausible explanations can be considered,
one concerned with muon production and the other with decay in the atmosphere. First, muons are predominantly
produced via the decay of charged pions and kaons (Cecchini & Spurio, 2012), which are themselves formed
through interactions of primary cosmic rays with atmospheric nuclei. The muon production channel that requires
the lowest energy is the decay of a charged pion. In order to estimate the required cosmic ray energy to produce a
charged pion, the scattering can be approximated as a proton–proton collision. The lowest‐energy channel to
produce a charged pion would be p + p → d + π+, whilst for a negatively charged pion
p + p→ p + p + π+ + π− . Assuming a fixed target collision and that all secondary particles are at rest, the
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minimum kinetic energies can be calculated from kinematics as Emin = 0.3 GeV and Emin = 0.6 GeV respec-
tively. The kinetic energies correspond to minimum rigidities of Rmin = 0.8 GV and Rmin = 1.2 GV.Whilst both
thresholds are close to 1 GV, where neutron observations plateau, they are significantly lower than the muon
observation plateau. Second, muons have a shorter mean lifetime compared to neutrons, 2.2 ⋅ 10− 6 s and 878.4 s
(Navas et al., 2024) respectively. Thus, muon decay is a significant factor in the atmosphere while neutron decay
has little influence. Depending on the altitude and angle at which the muon is produced, it may decay before
reaching the ground and being detected. The distance a muon can travel is therefore strongly dependent on its
Lorentz factor and hence its kinetic energy. Furthermore, as the pion mean lifetime (2.6 ⋅ 10− 8 s) is again much
shorter than the muon's (Navas et al., 2024) the distance traveled by the pion before it decays is negligible
compared to the distance traveled by the muon. This suggests a mechanism by which the difference between
muon and neutron observations in latitude surveys could be explained. At rigidities below approximately 4 GV a
primary cosmic ray has a substantially reduced probability of causing a muonic shower energetic enough to reach
sea level before the muon decays. If this mechanism is accurate then it has two direct consequences: First, the
plateau point should shift toward higher rigidities for obliquely incident muons compared to vertical ones.
Second, the plateau point should shift toward lower rigidities as the latitude survey is performed at higher alti-
tudes. The second consequence was reported in Makhmutov et al. (2009), further suggesting the importance of
muon decay for the location of the plateau point.

5. Conclusions
This work presents the results of a latitude survey between November 2024 and April 2025, featuring three
different neutron detectors and two different muon detectors. Differential response functions for the Quaesta
CRNS, MNM, and the muon telescope were derived and compared. The yield functions of the Quaesta CRNS and
the MNM were determined and compared with previous latitude surveys.

The derived yield functions from the Quaesta CRNS andMNM detectors exhibited good agreement across a wide
range of rigidities. This empirically confirms a long‐standing assumption that the signals of both detectors are
comparable, that is, usable for applications such as the correction of CRNS data for incoming cosmic rays, using
neutron monitor data. However, the results differ for northbound and southbound journeys, which were conducted
in the first and second halves of the survey. The yield functions of the CRNS and MNM showed almost perfect
agreement during the southbound journey, while the MNM exhibited a higher yield below 5 GV during the
northbound journey. Good agreement with previous latitude surveys was found for the yield functions derived
from the northbound journey. The northbound MNM yield agrees with two previous surveys using leaded de-
tectors. The northbound CRNS yield also agrees reasonably well with a previous survey of similar detector
geometry. This agreement is only valid when the same method is utilized to derive the primary spectrum,
highlighting their importance for the derivation of the yield functions. Interestingly, the comparable dynamics
between the MNM and CRNS yields are in contrast to previously published yield functions derived from GLE
events. This shows that further research is needed to accurately assess the influence of additional effects on
unleaded neutron detectors such as the ship effect and the atmospheric corrections.

These results indicate that more sophisticated rescaling methods based on the incoming energy spectrummight be
necessary when correcting CRNS data for changes in solar modulation using neutron monitor data. Utilizing the
Dorman functions derived during both journey, alongside Equation A1 the required scaling between the MNM
and the CRNS can be estimated as a function of cut‐off rigidity. The magnitude of this scaling has a maximum of
1.4% at the highest sampled cut‐off rigidity (14.6 GV) and is significantly lower at most other rigidities. This
precision is sufficient for most CRNS applications, supporting the assumption made in previous studies that these
influences could be neglected for incoming correction methods (McJannet & Desilets, 2023). However, for high‐
precision applications, further research is needed to gain a more detailed understanding of the yield function
variation across the solar cycle.

The largely similar sensitivity between MNM and CRNS lends credibility to the potential use of CRNS detectors
for space weather observations, as was suggested by Franz et al. (2025), particularly under hydrologically stable
conditions, such as over‐water deployments (McJannet et al., 2025; Schrön et al., 2024), indoor settings (Baird
et al., 2025), or seasonal Arctic (Riggi et al., 2025) and Antarctic (Hubert, 2024) observations. Large GLEs could
also be detected in environments of less hydrological stability, since the signal strength likely overcomes envi-
ronmental variations on the relevant timescale (Hands et al., 2021).
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Regarding muons, the derived differential response function was found to be significantly different from those of
the neutron detectors, confirming that muon detectors are more sensitive to higher‐energy particles than neutron
detectors. This indicates that sophisticated rescaling techniques would be necessary before muon data could be
used for the incoming correction of CRNS data.

Appendix A: Correction of CRNS Data With Neutron Monitors and Muon Detectors
Deriving accurate soil moisture estimates from CRNS count rates in the epithermal energy range requires their
correction for variations in solar modulation. The most common approach is the use of neutron monitor data
(Schrön et al., 2025). Due to the sparse distribution of neutron monitors around the globe, different scaling ap-
proaches have been developed to account for differences in cut‐off rigidity and atmospheric shielding depth
between the CRNS location and the location of the neutron monitor used (Hawdon et al., 2014; Hertle et al., 2025;
McJannet & Desilets, 2023; Zreda et al., 2012). All these scaling functions take the general shape

Ncorrected = Nobserved ⋅ [τ ⋅ (
M
Mref

− 1) + 1]
− 1

. (A1)

HereM refers to the count rate of a reference monitor and τ to the scaling factor which is specific to each proposed
approach. The methods proposed by McJannet and Desilets (2023) and Hertle et al. (2025) derive their scaling
parameter utilizing a fraction of Dorman functions modified by the atmospheric depth of both the reference xM
and the CRNS site xN

τ =
1 − c0xN
1 − c0xM

⋅
1 − exp (− [c1xN + c2]R

c3xN− c4
N )

1 − exp (− [c1xM + c2]R
c3xM − c4
M )

. (A2)

If the reference cut‐off rigidity RM and atmospheric depth xM are assumed to be constant then the denominator in
Equation A2 can be absorbed into the pre‐factor. For the voyage of the RV Polarstern the atmospheric depth can
be reasonably approximated as a constant xN = 1033 g ⋅ cm− 2, such that a Dorman function only dependent on
the CRNS site rigidity RN remains. Thus, the Dorman function that is assumed in both these approaches can be
compared to the CRNS Quaesta Dorman function (see Table 2) derived in this work. This comparison is shown in
Figure A1. A range of Dorman functions from a multitude of leaded latitude surveys (Allkofer et al., 1969;
Caballero‐López & Moraal, 2012; Dorman et al., 2000; Kodama & Inoue, 1970; Nuntiyakul et al., 2014, 2018,

Figure A1. Comparison of Dorman functions taken from McJannet and Desilets (2023), Hertle et al. (2025), Hawdon
et al. (2014) and derived from the Cosmic Ray Neutron Sensing (CRNS) Quaesta in this work. A range of Dorman functions
is also shown extracted from 21 distinct Dorman coefficient sets taken fromAllkofer et al. (1969); Kodama and Inoue (1970);
Dorman et al. (2000); Nuntiyakul et al. (2014, 2018, 2025); Caballero‐López and Moraal (2012). All of these were derived
from leaded latitude surveys. For the CRNS, note that the shown fit extends beyond the rigidity range actually sampled
during the survey (0–14.6 GV).
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2025) is also included, showing the variability of the Dorman function over multiple solar cycles. Both correction
methods display a much steeper decline with rigidity than the parameters sets derived from latitude surveys, either
close to the solar minimum or solar maximum. The cause for this discrepancy might lie in the way the correction
functions were derived. The functions are numerical fits on data from an ensemble of NM sites, distributed across
several atmospheric depths and several decades in time. As a consequence, these Dorman functions are a product
of various solar cycles and atmospheric depths, which may explain their difference to latitude surveys at sea level
and at a specific point in time.

An alternative approach has been proposed by Stevanato et al. (2022), suggesting the use of muon intensities
measured alongside epithermal neutrons at the CRNS location to capture local variations in solar modulation.
However, evaluations of this approach were inconclusive (e.g., Gianessi et al., 2024) with different studies
suggesting different responses of neutron monitors and muon detectors to space weather events (McJannet
et al., 2025; Riggi et al., 2025). The presented latitude survey sheds light on the different responses of neutron and
muon detectors to changes in apparent cut‐off rigidity as shown in Figure 7. The response of the muon detector is
different to the neutron detector. This suggests a different sensitivity to primary cosmic rays. Therefore, it would
require a scaling based on geomagnetic cut‐off rigidity and solar modulation to utilize muon measurements for
CRNS correction. It could be possible to utilize the Dorman function of both the neutron and muon measurement
to derive a scaling function, yet as the muon measurements could not be satisfactorily fit utilizing the Dorman
function, such a scaling function is not derived in this work.
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