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Abstract. Cosmic ray neutron sensors (CRNSs) are state-of-
the-art tools for field-scale soil moisture measurements, yet
uncertainties persist due to traditional methods for estimat-
ing scaling parameters that lack the capacity to account for
site-specific and sensor-specific characteristics. This study
introduces a novel, data-driven approach to estimate key scal-
ing parameters (beta, psi, and omega) by directly calculating
scaling parameters from measurement data, emphasizing lo-
cal environmental factors and sensor attributes. The method
demonstrates reliability and robustness, with strong correla-
tions between estimated scaling parameters and environmen-
tal factors such as cutoff rigidity, latitude, and elevation, as
well as consistency with semi-analytical traditional methods,
e.g. for beta an R2 of 0.46. The study also reveals system-
atically higher variability in calibration parameters than pre-
viously assumed, underscoring the importance of this new
method, of data quality, and of the careful selection of Neu-
tron Monitor Database (NMDB) reference sites. The new
method reduces RMSE by up to 25 %, with differences in
soil moisture estimates between traditional and data-driven
methods reaching 0.04 m3 m−3 and up to 0.12 m3 m−3 under
certain conditions. Sensitivity analysis shows that soil mois-
ture estimation is most influenced by scaling parameters in
the wet end of the soil moisture spectrum. By improving the
accuracy of CRNS data, this approach enhances soil mois-
ture estimation and supports better decisions in agriculture,
hydrology, and climate monitoring. Future research should
focus on refining these scaling methods and enhancing data
quality to further improve CRNS measurement accuracy.

1 Introduction

Soil moisture describes the quantity of water present in
the vadose zone. Soil moisture or soil water content has
significant impacts on a number of soil properties, includ-
ing thermal and hydraulic soil characteristics, groundwater
recharge processes, infiltration rates, the availability of wa-
ter for plants, irrigation requirements, and the severity of
drought conditions. (Řehoř et al., 2024; Humphrey et al.,
2021; Vereecken et al., 2008). In order to effectively man-
age these critical processes and make informed decisions,
soil moisture measurements have been developed at vari-
ous scales, ranging from the pore scale to the plot scale,
field scale, and global scale (Robinson et al., 2008). Pore-
and plot-scale measurements primarily utilize the geoelectri-
cal properties of soils (Dorigo et al., 2021; Robinson et al.,
2008), while field-scale measurements often rely on net-
works of point-scale sensors (Korres et al., 2015; Dorigo
et al., 2021) or nuclear physics principles (Zreda et al., 2008).
From the regional to the global scale, soil moisture is usually
quantified by analysing the dielectric properties of the soil
using passive or active microwave sensors (Manfreda et al.,
2018; Entekhabi et al., 2010).

Cosmic ray neutron sensors (CRNSs) provide a critical
link between small-scale and large-scale soil moisture mea-
surements, bridging the gap from local field measurements to
broader regional assessments (Zreda et al., 2008; Baatz et al.,
2014). CRNSs operate by detecting epithermal neutrons gen-
erated by cosmic rays interacting with the Earth’s atmo-
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sphere. The hydrogen in soil water plays an important role
in attenuating epithermal neutrons in the lower atmosphere.
By measuring the epithermal neutrons above the soil with the
CRNS, it is therefore possible to estimate the average soil
moisture over an area of several tens of hectares (Köhli et al.,
2015; Desilets et al., 2010). This unique capability allows
CRNSs to integrate spatial variability in soil moisture across
a landscape more effectively than point-scale soil moisture
sensors. Furthermore, it serves to complement satellite-based
measurements, which cover larger scales but with lower reso-
lution (Babaeian et al., 2019; Montzka et al., 2017). As such,
improving soil moisture estimates from CRNSs offers sig-
nificant potential for enhancing water resource management,
agricultural practices, and drought monitoring by providing
reliable, intermediate-scale data (Baatz et al., 2017; Brogi
et al., 2022).

Appropriate signal processing of CRNS raw data is cru-
cial for the accurate conversion of neutron count rates to soil
moisture (Davies et al., 2022). In addition to hydrogen within
the CRNS footprint, the CRNS neutron signal is influenced
by various other factors, including atmospheric pressure, air
humidity, and incoming neutron intensity. These factors are
typically accounted for by applying scaling functions for at-
mospheric pressure, air humidity, and incoming neutron in-
tensity to isolate the neutron signal stemming from hydro-
gen (Desilets and Zreda, 2003; Desilets et al., 2006). For in-
stance, scaling for atmospheric pressure is necessary because
higher pressure compresses the atmosphere, increasing neu-
tron attenuation and reducing detected counts (Zreda et al.,
2012; Baatz et al., 2014). This requires applying a correction
factor to normalize neutron flux to a standard pressure. Simi-
larly, air humidity affects the number of epithermal neutrons
detected by increasing the amount of hydrogen in the air, ne-
cessitating a separate humidity correction to ensure accurate
soil moisture estimation (Rosolem et al., 2013; Köhli et al.,
2021). In addition, incoming neutron intensity varies over
time due to solar activity and cosmic events, requiring ad-
justments to the neutron count rates to account for these fluc-
tuations (Gerontidou et al., 2021; Hawdon et al., 2014; Mc-
Jannet and Desilets, 2023). Additionally, model–data fusion
techniques that integrate CRNS signals with other measure-
ments and model predictions of soil moisture are increasingly
being used to refine soil moisture estimates (Baatz et al.,
2017; Li et al., 2024). The improvement of these signal pro-
cessing methods is of paramount importance for the enhance-
ment of the accuracy, reliability, and resolution of soil mois-
ture data obtained from CRNSs (Davies et al., 2022; Brogi
et al., 2022). Ultimately, this will facilitate more informed
decisions in agricultural and hydrological management, as
well as more accurate observations of climate change effects
(Bogena et al., 2022).

While CRNSs are increasingly used for soil moisture mea-
surement (Bogena et al., 2022; Zreda et al., 2012), signif-
icant uncertainties persist due to the reliance on traditional
semi-analytical approaches for correcting environmental fac-

tors such as atmospheric pressure, humidity, and incoming
neutron intensity. For example, scaling for air humidity was
found to affect CRNS neutron intensities linearly (Rosolem
et al., 2013) or even steeper (Köhli et al., 2021). The rela-
tion of incoming neutron intensity depends on CRNSs and
the reference site of the monitor observing incoming neu-
tron intensity (McJannet and Desilets, 2023; Hawdon et al.,
2014). For atmospheric pressure, scaling coefficients are site-
specific and depend on the cutoff rigidity and elevation of
the CRNSs (Tirado-Bueno et al., 2021; Desilets et al., 2006).
All methods often depend on generalized scaling functions
based on global estimates, such as cutoff rigidity and other
global relationships, which may not accurately reflect lo-
cal site characteristics, sensor manufacturing attributes, or
sensor-specific energy spectra that can influence calibration
parameters. Often, these methods have been developed based
on available data from incoming neutron or cosmic ray mon-
itors of the Neutron Monitor Database (NMDB) project for
the reason of high data availability from these monitors and
high signal-to-noise ratio with CRNS observations. How-
ever, the difference in sensor characteristics and the objective
to detect soil moisture with CRNSs led to the critical need
to develop more site-specific and sensor-specific scaling ap-
proaches that account for the often very sensor-specific and
local conditions.

This study aims to address these limitations by present-
ing a novel data-driven, empirical approach for calibrating
scaling parameters (beta, psi, and omega) used in CRNSs.
Specifically, this study has three objectives: (1) to develop
an inverse method that directly calculates correction param-
eters from measurement signals while treating soil moisture
dynamics as a noise term, (2) to evaluate the accuracy of cur-
rent scaling functions, and (3) to quantify the impact of local
environmental factors on calibration parameters. The hypoth-
esis is that this approach, by accounting for site-specific and
sensor-specific conditions, will improve the accuracy and re-
liability of CRNS soil moisture measurements. By enhanc-
ing calibration methods, this study aims to support better-
informed decisions in agriculture, hydrology, and climate
monitoring.

2 Methods

This study introduces a data-driven method for estimating the
scaling parameters beta, psi, and omega with cosmic ray neu-
tron sensors (CRNSs) to improve soil moisture measurement
accuracy. Section 2.1 outlines the scaling parameters, which
correct for atmospheric pressure, incoming neutron intensity,
and absolute air humidity. The forward model, detailed in
Sect. 2.2, combines these scaling functions to estimate neu-
tron flux by applying the corrections to the observed flux
from the previous time step. Uncertainty estimates, described
in Sect. 2.3, are calculated using bootstrapping techniques to
evaluate the robustness and reliability of scaling functions.
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Together, this integrated approach provides a systematic and
flexible framework for site- and sensor-specific calibration.

2.1 Theoretical aspects

2.1.1 Scaling parameters

Traditional semi-analytical methods estimate scaling param-
eters for air humidity, atmospheric pressure, and incom-
ing neutron intensity primarily using Monte Carlo neutron
particle simulations, limited CRNS measurement data, and
NMDB data (see e.g. Köhli et al., 2023; Desilets et al., 2010;
Dorman, 2004; McJannet and Desilets, 2023; Rosolem et al.,
2013; Desilets and Zreda, 2003). These approaches laid the
foundation for soil moisture estimation from CRNSs by pro-
viding generalized scaling parameter estimates. However,
they rely on strong correlations with global variables such
as cutoff rigidity, latitude, and elevation, using data from
relatively few reference stations scattered across the globe.
While effective for global first estimates, these methods are
limited in their ability to account for site-specific and sensor-
specific characteristics, potentially resulting in inaccuracies
in soil moisture estimation. In contrast, we propose a data-
driven approach that directly calculates scaling parameters
from observational data, enabling robust calibration tailored
to local conditions, as detailed in the following subsections.

2.1.2 Scaling with atmospheric pressure

Neutron flux was found to be exponentially dependent on
atmospheric pressure (Tirado-Bueno et al., 2021; Desilets
et al., 2006; Desilets and Zreda, 2003):

Nref/N1 = e
(β·(P1−Pref)), (1)

where β (beta) is a constant proportional to the attenua-
tion length. Beta and the attenuation length scale the refer-
ence neutron flux Nref observed under reference atmospheric
pressure Pref (in hPa) to observed neutron flux N1 at time
t = 1 given observed atmospheric pressure P1 at time t = 1
(in hPa). Noteworthy is the scaling factor that is exponen-
tial and consistent across different atmospheric pressures,
meaning the neutron intensity scales equally for any pres-
sure difference. This is different for the two following scal-
ing approaches for air humidity and incoming neutron flux.
A second noteworthy characteristic is that with a very small
beta, such as−0.0076, the scaling becomes nearly linear. The
physical explanation of the scaling relationships has been
widely studied and discussed (Tirado-Bueno et al., 2021;
Schrön et al., 2024; Nuntiyakul et al., 2014; Clem and Dor-
man, 2000). Most of these analyses focused on neutron mon-
itors, with only a limited number of analyses using CRNSs,
which measure neutron flux at the energy spectrum relevant
for soil moisture detection (Schrön et al., 2024). Here, we fo-
cus on epithermal neutron count data from 12 CRNS stations
from the COSMOS-Europe data set (Bogena et al., 2022).

2.1.3 Scaling with incoming neutron intensity

The second dependency of neutron flux observed is that on
incoming neutron intensity. Here, commonly a linear scaling
approach is adopted to account for the relative change in in-
coming neutron intensity (Baatz et al., 2015; Zreda et al.,
2012; Hawdon et al., 2014). Reference stations are those
of the neutron monitor database nmdb.eu (Bütikofer, 2018;
Gerontidou et al., 2021). The scaling depends on the loca-
tion of the cosmic ray neutron sensor along the geomag-
netic cutoff rigidity, longitude and latitude of the earth, eleva-
tion, and energy spectrum observed of either sensor amongst
other potential factors. Recently, new generalized relation-
ships were established for CRNSs by McJannet and Desilets
(2023). Here, we adopt the linear scaling approach previ-
ously adopted because of its robustness:

Nref/N1 = (1+ψ · (I1− Iref)). (2)

Here ψ (psi) is a constant specific to the cosmic ray neu-
tron sensor; its location, manufacturing, and measurement
characteristics; and the neutron monitor used for incoming
neutron intensity. Iref is the reference incoming neutron in-
tensity, I1 is the neutron intensity at the time of observation
t = 1, andNref is the reference neutron flux observed. Incom-
ing neutron intensity is calculated as the ratio of incoming
neutron count rate divided by the mean of the incoming neu-
tron count rate over a time interval. Noteworthy is that, when
scaling based on incoming neutron intensity, the scaling is
linear, and the choice of reference intensity (Iref) affects the
result. Consequently, using different reference values leads
to small inconsistencies in scaling, causing the adjusted neu-
tron intensities (N1) to vary for different incoming neutron
intensities. Although negligible for a small range of I1−Iref,
it highlights the necessity of employing a mean of incoming
neutron flux in lieu of an Iref at either end of the I spec-
trum over the measurement period. This is an important dif-
ference from Eq. (1), where scaling is consistent for different
reference values. Moreover, numerous studies have indicated
that incoming neutron flux is dependent on the cutoff rigidity,
which is why the position of the CRNS and NMDB stations
should be as close as possible (Hawdon et al., 2014; Mc-
Jannet and Desilets, 2023). Here, we used six stations of the
NMDB database with comparable pair-wise cutoff rigidities
and a range of 0.65 to 8.53 GV (gigavolts; Table 1).

2.1.4 Scaling with air humidity

Rosolem et al. (2013) identified a linear relationship of air
humidity and epithermal neutron via Monte Carlo neutron
particle simulations using the Monte Carlo N-Particle eX-
tended (MCNPX) model:

Nref/N1 = (1+ω · (H1−Href)), (3)
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Table 1. NMDB sites used for correction of incoming neutron intensity with cutoff rigidity in gigavolts (GV) calculated by Gerontidou
et al. (2021).

City/location NMDB site Country Cutoff rigidity Altitude
[GV] [m]

Apatity Apty Russia 0.65 181
Oulu Oulu Finland 0.81 15
Lomnicky Stit Lmks Slovakia 3.84 2634
Jungfraujoch Jung1 Switzerland 4.49 3570
Mexico Mxco Mexico 8.28 2274
Athens Athn Greece 8.53 260

where Href is the reference absolute air humidity, i.e. water
content (in gm−3) at 2 m above ground; ω (omega) is a con-
stant; and H1 is the air humidity (in gm−3) at the time of
observation of neutron flux Nh. Again, the rate of change in
Nref/N1 is not independent of the chosen Href and leads to
small discrepancies for different Href values. This is an im-
portant constraint and strong reason to choose Href as the
mean over the measurement interval. While this scaling ap-
proach was confirmed in some studies (Schrön et al., 2024),
other studies have also indicated that air humidity could have
a larger impact on neutron intensity (Köhli et al., 2021).

2.1.5 Temporal aggregation of neutron flux

Scaling parameters beta, omega, and psi were identified to be
constant in time for a specific site except for little variation
due to changes in the solar spectrum (McJannet and Desilets,
2023; Dunai, 2000; Desilets and Zreda, 2003). The neutron
flux data follow a Poisson distribution as it is counts per time
interval. For aggregating temporal Poisson data, it is advis-
able to use the mean instead of the median over a specific
time interval because the relationship between mean and cu-
mulative sum over a large time interval is proportional. Im-
portantly, the standard deviation in relative terms decreases
with increasing measurement period because it is propor-
tional to the square root of the number of counts. There-
fore, aggregation over a prolonged time interval is advanta-
geous for reducing measurement uncertainty, although this
approach inevitably entails a compromise in that changes in
other environmental variables over the measurement period
cannot be directly accounted for.

2.2 Inversion of scaling functions

In this study, we employ an inverse estimation methodology
to derive beta, omega, and psi values for each site within
the tested data set. This approach differs from previous stud-
ies that have utilized semi-analytical techniques to ascertain
the scaling parameters. Our analysis draws upon atmospheric
pressure, air humidity, and epithermal neutron data of the
European COSMOS network (Bogena et al., 2022). More-
over, data from six neutron monitors were utilized from the

NMDB database (Table 1). All data were provided at hourly
resolution, and quality checks were implemented to ensure
the integrity of the data set. Only data that fell within the
physical range of the observed quantity were selected, and
values that differed from neighbouring hourly measurements
by a set threshold value were removed. Subsequently, the
data were aggregated to daily values, with the exclusion of
measurements that had been flagged for quality issues.

The forward model used for estimating the parameters
beta, omega, and psi is based on the combination of scal-
ing functions for atmospheric pressure, absolute air humid-
ity, and incoming neutron intensity, as detailed in Eqs. (1)–
(3). The forward model computes the neutron flux N at time
t by applying these scaling factors to the observed neutron
flux Nt−1,obs of the previous time step (t − 1). This previous
time step essentially serves as the reference condition:

Nt,est = Nt−1,obs · e
(β·(P1−Pref)) · (1+ψ · (I1− Iref))

× (1+ω · (H1−Href)). (4)

Parameters β (beta), ψ (psi), and ω (omega) are the free
parameters to be optimized. N,P , H , and I represent vec-
tors of n days, and Nt,est is the neutron flux estimated using
the corrections. To optimize the three parameters, we use an
inversion approach that minimizes the root mean square er-
ror (RMSE) between the observed neutron fluxNt,obs and the
estimated neutron flux Nt,est:

RMSE=

√√√√1
n

n∑
t=1
(Nt,obs−Nt,est)

2, (5)

where n represents the total number of days. Remaining un-
certainty was assumed to be attributed to changes in local
hydrogen pools such as soil moisture; Poisson noise, which
is considerably small for large time intervals; and measure-
ment uncertainties of the environmental sensors. In the latter
synthetic case, Poisson noise and measurement uncertainty
of the environmental sensors can be excluded.

2.3 Uncertainty estimates

Uncertainty was quantified via moving-block bootstrapping.
Here, the observed time series were divided into 100 time
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segments of equal length, with each block length represent-
ing one-seventh of the total time series. The data-driven scal-
ing parameters are estimated for each segment, parameter
estimates were logged, and the uncertainty was defined as
the standard deviation of the parameter estimates calculated
from these 100 bootstraps by sensor.

2.4 Synthetic test case

A synthetic test case was set up and used to test the op-
timization routine. The synthetic test case set-up generates
synthetic neutron flux data that are used as “truth” to test
the algorithm’s performance under known conditions (Das
et al., 2014; Pipunic et al., 2008). For setting up a synthetic
CRNS test case, incoming neutron intensity of the Jungfrau-
joch NMDB monitor and soil moisture, atmospheric pres-
sure, and air humidity observations from the Merzenhausen
test site, Germany (Bogena et al., 2018), were used to pro-
duce a synthetic neutron flux signal following the approach
by Davies et al. (2022). In brief, time series of point-scale
soil moisture observations were used to generate synthetic
neutron flux using a fixed N0 = 1205 and the inverse rela-
tionship of neutron flux with soil moisture (Desilets et al.,
2010):

SWC= a0/((Npih/N0)− a1)− a2. (6)

Here, Npih is the synthetic corrected neutron flux; a0, a1, and
a2 are empirical constants; N0 is a calibration parameter for
reference conditions; and SWC is soil water content. This
neutron flux is transformed to uncorrected neutron flux us-
ing the scaling equations (Eqs. 1–3) and fixed reference con-
ditions (Pref=mean atmospheric pressure, Href= 7 gm−3,
Iref= 1.0). This results in a first CRNS time series of neutron
flux that includes dynamics of soil moisture and environmen-
tal conditions. Poisson noise was added to the hourly data to
generate realistic noise for the second time series of neutron
flux.

The neutron observations were used in the synthetic sce-
nario to estimate beta, omega, and psi inversely using the
previously described inversion routine. The proposed inverse
estimation of beta, omega, and psi is neither aware nor made
aware of changes in soil moisture. Thus, the soil moisture en-
ters the calibration as an unknown and as a noise term. The
inverse parameter estimation results are reported. The syn-
thetic scenario was run (a) once without Poisson noise added
and (b) 1000 times with individual hourly Poisson noise and
soil moisture dynamics. Scenario (b) resulted in 1000 results.
The ensemble was used to calculate the percentage of pa-
rameter estimates outside the estimated parameter value ±
uncertainty.

2.5 Sensitivity analysis

The sensitivity of soil moisture estimates from CRNS data
is explored with numerical experiments. Sensitivity of soil

moisture estimates on scaling parameters is critical and
one reason why improved scaling parameters are desirable.
Here, we define three levels of true reference soil moisture
for the numerical experiments: low (0.1 m3 m−3), medium
(0.25 m3 m−3), and high (0.4 m3 m−3). For reference soil
moisture, “theoretically observed neutron flux” was calcu-
lated for a range of possible data-driven scaling parame-
ters as found for the COSMOS-Europe sites in this study.
This neutron flux is recalculated to estimate soil mois-
ture assuming standard scaling parameters (beta=−0.0074,
omega=−0.0054, and psi= 0.7). It should be noted that this
is not an accurate representation of the true reference soil
moisture. This difference in soil moisture will be larger for
data-driven scaling parameters being further from standard
scaling parameters. It is important to note that estimates will
not be error-free if the environmental conditions and/or scal-
ing parameters do not align with the standard parameters. We
then provide a heat map of the difference between the esti-
mated soil moisture of standard parameters and the “true”
soil moisture, representing the error given different environ-
mental conditions to illustrate the potential impact of dif-
fering site-specific scaling parameters on soil moisture es-
timates.

2.6 Energy dependence of scaling parameters

In order to ascertain whether the energy spectrum of the
CRNS detectors could be of significance, scaling parameters
for the thermal neutrons that were measured using co-located
bare detectors were also computed. The thermal neutrons are
rather less sensitive to hydrogen within the footprint and may
show a different scaling dependence on environmental fac-
tors (Jakobi et al., 2022). This results in potentially different
scaling parameters for the thermal neutrons compared to ep-
ithermal neutrons used for soil moisture detection, although
they are measured at the same location.

2.7 Model evaluation

The method developed in this study was evaluated at the
Alento test site which was chosen since the standard correc-
tion parameters were strongly different from those found in
this study. The Alento River Catchment (ARC) is located in
Campania, an administrative region situated in southern Italy.
Recently, two experimental sub-catchments (MFC2 and
GOR1) were instrumented with (i) a CRNS (CRS2000/B,
Hydroinnova LLC, Albuquerque, USA; (ii) a wireless sen-
sor network (SoilNet, Forschungszentrum Jülich, Germany)
controlling a total of 40 GS3 sensors (METER Group Inc.,
Pullman, WA, USA) monitoring soil water content at the soil
depths of 15 and 30 cm over 20 positions around the CRNS;
and (iii) a weather station to monitor rainfall, air temperature,
relative humidity, wind speed, and net solar radiation (Nasta
et al., 2024; Nasta et al., 2020). Three periods were selected
out of the whole time series. These periods are featured with
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Table 2. Parameter estimation results for synthetic experiments with 1000 realizations. The results for “SWC+Poisson noise” are mean
parameter estimates of the 1000 realizations. The percentage of parameter estimates inside the uncertainty bounds with respect to 1000
realizations is reported.

Beta
estimated

Beta
uncertainty

Omega
estimated

Omega
uncertainty

Psi
estimated

Psi
uncertainty

Synthetic truth: −0.0074 0.0054 0.7
SWC dynamics: −0.00741 0.00001 0.00534 0.0001 0.715 0.02
SWC+Poisson noise: −0.00741 0.00023 0.00532 0.0013 0.711 0.15
Within uncertainty: 96 % 96 % 96 %

continuous measurements of neutron flux, atmospheric pres-
sure, air humidity, incoming neutron intensity from Jungfrau-
joch, and soil moisture by GS3 sensors. Selection criteria
were measurement continuity and for either period high vari-
ation in incoming neutron intensity, air humidity, and atmo-
spheric pressure. Soil moisture was vertically weighted us-
ing the approach proposed by Power et al. (2021). Calibra-
tion was performed for each time period individually using
the site-specific data reported in Bogena et al. (2022), mean
vertically weighted soil moisture over the time period, and
mean-corrected neutron flux over this time period. For eval-
uation, the RMSE was calculated for CRNS soil moisture
using the conservative parameters (reference approach) and
using the new parameters presented in this paper. Both ap-
proaches are compared against weighted soil moisture.

3 Results

3.1 Synthetic test case

The results of the synthetic test case demonstrate that the
parameters beta, omega, and psi can be accurately esti-
mated (Table 2). This also applies to the case of dynamic
soil moisture and additional Poisson noise. Parameter esti-
mates without Poisson noise are about as close to true val-
ues as estimates with Poisson noise (Table 2). No Poisson
noise resulted in correct estimates of the true values for
beta=−0.0074± 0.00001, omega was estimated closely as
0.00535± 0.0001, and psi was also estimated close to the
synthetic truth as 0.716± 0.02. With Poisson noise, the dif-
ferences between estimates and truth were slightly larger
than for the case with soil moisture dynamics only. The
uncertainty was notably higher with added Poisson noise
compared to only soil moisture dynamics. Uncertainty val-
ues were calculated with moving-block bootstrapping. The
synthetic test demonstrated that 96 % of the parameter es-
timates were within the uncertainty range of the synthetic
truth. Moreover, the mean values of the 1000 realizations
were within the uncertainty ranges. Out of the 1000 real-
izations, the percentage of estimates outside the uncertainty
range was about equal for all three parameter sets. These un-
certainty bounds will be reported in the further analysis.

3.2 Beta estimates (atmospheric pressure scaling)

Beta estimates for the sites of the COSMOS-Europe data
set excluding site LEC001 ranges between −0.0052 and
−0.0078 with mean and median of −0.0071 and −0.0073,
respectively (Fig. 1). These are parameter estimates for sites
at cutoff rigidities smaller than root mean square error as con-
vergence criteria and using a correction for incoming neu-
tron intensity from Jungfraujoch. Beta estimates were also
made using incoming neutron intensity correction with Oulu,
Apty, Mexico, and Athens NMDB monitors. Moreover, the
beta parameter estimates and uncertainties for these NMDB
monitors (Table 1) were very close to those obtained with
Jungfraujoch data. In general, the Pearson correlation coef-
ficient was high (larger 0.9), which indicates that beta esti-
mates are rather indifferent to the choice of NMDB monitor.
Error bars indicate the uncertainty of beta estimates, which is
0.00036 on average for the sites (Fig. 1). However, for sen-
sors with cutoff rigidities larger than 4.5 we obtained beta
estimates between −0.006 and −0.007 even with uncertain-
ties considered. This confirms a close relationship between
beta and cutoff rigidity, although the beta values are far from
the previously estimated range between−0.007 and−0.008.
The relationship of beta estimated with this method and beta
estimated by the method of McJannet and Desilets (2023)
also shows an R2 of 0.46. It is notable that the range of
beta estimates in this study is considerably broader than that
observed in previously published beta estimates or the com-
monly utilized reference value of −0.0076.

3.3 Psi estimates (incoming neutron intensity scaling)

Psi estimates showed a strong dependence on cutoff rigid-
ity (CR) if, for example, Jungfraujoch station (CR= 4.5 GV,
gigavolts) was used for incoming neutron intensity correc-
tion (Fig. 2a). Here, psi ranged between 0.05 and 1.12.
CRNS sites with cutoff rigidity close to Jungfraujoch exhib-
ited higher psi than those with cutoff rigidity different from
Jungfrauhoch (CR< 2 and CR> 6). Although not all sites
with CR between 2.5 and 4.5 had psi equal to 1, a site located
in the Alps in the vicinity of Jungfraujoch exhibits psi equal
to 1. This indicates a 1 : 1 linear scaling of incoming neutron
intensity with neutron intensity measured at the CRNS site.
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Figure 1. (a) Beta estimate and second-order polynomial regression with cutoff rigidity for the COSMOS-Europe sites, excluding sites
BUC001 and LEC001. (b) Beta estimates of this study (data-driven) in comparison to those derived by McJannet and Desilets (2023).
(c) Boxplot of beta estimates of this study (data-driven) in comparison to those derived by McJannet and Desilets (2023). Indicated are the
median of the data sets (horizontal bar), the outliers (circles), the box (25th and 75th percentile – interquartile range), and whiskers (1.5×
interquartile range).

The estimates of psi also indicate that cutoff rigidity is a sig-
nificant factor in defining psi. It should be noted, however,
that the elevation of the NMDB monitor and geographical
distance may also have an impact in defining psi.

Mean psi estimates for all sites using any of the sites
of Jungfraujoch (CR= 4.5 GV), Oulu (CR= 0.8 GV), Apty
(Russia, CR= 0.65 GV), Mexico (CR= 8.3 GV), and Athens
(CR= 8.53 GV) were 0.62, 0.74, 0.74, 0.95, and 0.86, re-
spectively – indicating a strong influence of incoming neu-
tron intensity on the CRNS signal (Fig. 2c). However, a cor-
relation of psi values for different stations was not always
strong. For example, Jungfraujoch exhibited the highest cor-
relation (r = 0.45) with the Apty monitor. Overall, highest
correlation was observed between the Apty and Oulu mon-
itors (r = 0.87). These rather low correlations indicate dif-
ferences with regard to psi estimated for individual NMDB
monitors. The correlation between Lmks and Jungfraujoch
was particularly low (r = 0.13) despite both monitors being
located at high altitude (+2000 m above sea level) and in Cen-
tral Europe. Moreover, psi estimates for the Athens and Mex-
ico monitors correlated only weakly at 0.28 despite a low
difference (0.2 GV) in cutoff rigidity of Athens and Mexico.
Common to all CRNS sites is that psi is smaller for CRNS
sites with large cutoff rigidity. However, the psi differs de-
pending on NMDB monitor and location.

3.4 Omega estimates (air humidity scaling)

Estimates of omega range between −0.016 and 0.017, with
mean and median at −0.0061 and −0.0066, respectively
(Fig. 3). Here, as well as for the estimation of the other en-
vironmental factors, data quality plays a crucial role. Omega
showed a remarkable large range. Omega’s mean (−0.0065)

and median (−0.0068) are close but not equal to the orig-
inally estimated value of omega (−0.0054) from calcula-
tions with a Monte Carlo neutron particle model (Rosolem
et al., 2013). The standard deviation shows a large uncer-
tainty of 0.0041 for omega. The standard deviation dimin-
ishes to 0.0018 if the three highest and three lowest estimates
of omega are removed from the data set with 64 sites.

3.5 Sensitivity of soil moisture to scaling parameters

The results for beta, psi, and omega showed significant dif-
ferences amongst sites and from reference values. The sensi-
tivity analysis of soil moisture depending on scaling param-
eters demonstrates that the difference between true and esti-
mated soil moisture can easily be 4 vol %. The error, i.e. dif-
ference between estimated soil moisture and true soil mois-
ture, depends on three factors: reference soil moisture, scal-
ing parameter, and change in environmental variable (atmo-
spheric pressure, air humidity, incoming neutron intensity;
see Fig. 4). Reference values result in error-free estimates,
i.e. difference in estimated soil moisture, while any change of
the factors results in differences between truth and estimated
soil moisture. Reference values and the 2 % difference are
highlighted by the black line in Fig. 4. The sensitivity anal-
ysis demonstrates that differences matter more for high soil
water content. Scaling factors and reference values strongly
matter for soil moisture estimates. Generally, fewer differ-
ences can be expected for scaling factors chosen at medium
level and average environmental calibration conditions for at-
mospheric pressure, air humidity, and incoming neutron in-
tensity. The heat maps (Fig. 4) indicate the strongest differ-
ences if scaling parameters and calibration conditions are at
the far end of either side.
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Figure 2. Psi estimated for 64 COSMOS-Europe sites and different NMDB monitors: (a) Jungfraujoch and (b) Apty and Oulu. Panel
(c) includes also results for Lmks, Mexico, and Athens with the NMDB monitor’s cutoff rigidity denoted in the legend. Psi estimates are
provided as dots, X’s, and asterisks. Polynomial regressions to NMDB monitors are shown as lines. Hawdon et al.’s (2014) study is provided
with reference to Jungfraujoch.

3.6 Uncertainty for data-driven parameter estimates

We found that the parameter estimates strongly depend on
data quality and data availability. The following Fig. 5 shows
the uncertainty of beta with regard to days observed (Fig. 5a,
c, and e) and with regard to total neutron counts (Fig. 5b, d,
and f). Both metrics show a strong correlation with thresh-
old values that can be identified to generally constrain the
uncertainty of the beta estimate. The same holds for omega
and psi estimates. Given the uncertainty depending on days
of measurement and overall observed neutron counts, 1000
consecutive days of observation or 20 000 000 neutron counts
appear to result in a rather low uncertainty of scaling param-
eters. Here, the slope of the polynomial approximation flat-
tens, indicating a plateau that is reached from these values.
The results for the synthetic experiment were always better
than the regression based on observed data.

3.7 Energy dependence of scaling parameters

Twelve CRNS sensors provided data of a different energy
spectrum than neutrons used for soil moisture. Accuracy and
the number of detectors did not allow us to establish a clear
relationship between cutoff rigidity and scaling parameter.
Figure 6 shows the results of scaling parameters for epither-
mal and thermal neutron data. The results demonstrate for
beta a mean absolute difference of 0.0004 mostly subject to
1 of 12 sensors. Omega for thermal neutron counts is smaller
than for moderated neutron counts with a mean absolute er-
ror of 0.0036. This is a clear indication that thermal neutron
counts are less sensitive to air humidity changes than mod-
erated neutrons. The scaling factor for incoming neutron in-
tensity psi is also smaller for thermal neutron counts than for
epithermal neutron counts, which indicates a smaller impact
of the incoming neutron intensity on thermal neutrons.
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Figure 3. Omega estimates (blue star) and uncertainty (grey bars)
of omega estimates for scaling CRNS counts with air humidity. The
result of the site WEC001 is excluded because of its high uncer-
tainty (uncertainty= 0.02).

3.8 Model evaluation

The evaluation results are reported in Fig. 7 for the MFC2
experimental field (named ALC002 site in Bogena et al.,
2022) at the Alento site. In all three cases, the new approach
showed slightly lower RMSE values compared to the refer-
ence standard approach. Although the error is rather small
for all methods, the results provide insights into the reason-
ability of the parameter values obtained and potential to out-
perform the reference approach. For the three periods, the
new approach improves the RMSE by 28 %, 25 %, and 25 %,
respectively (Fig. 7).

4 Discussion

4.1 Overview and interpretation of key findings

This study evaluated the estimation of scaling parameters –
beta, psi, and omega – used in cosmic ray neutron sensors
(CRNSs) for measuring soil moisture, with an emphasis on
the strengths and limitations of a data-driven approach com-
pared to traditional semi-analytical methods. The main mo-
tivation behind this research was to refine soil moisture es-
timation by integrating both data-driven and semi-analytical
techniques, recognizing the necessity of a hybrid approach
that balances complexity, accuracy, and uncertainty.

The results indicate that these scaling parameters can be
estimated well using observational data alone, without the
need for direct soil moisture information, providing a ro-

bust alternative to traditional scaling methods. The proposed
methodology offers a promising new tool for refining scaling
parameters, potentially improving the ability to differentiate
between site-specific characteristics. Thus, this data-driven
approach may either serve as an alternative to or comple-
ment semi-analytical scaling methods developed in previous
studies, supporting a hybrid approach that incorporates both
data-driven and semi-analytical scaling functions. More de-
tailed interpretations of the results will be discussed in the
following subsections and summarized in the conclusion.

4.2 Scaling parameter estimation results

4.2.1 Atmospheric pressure and neutron flux

The synthetic test case demonstrated that the parameters
beta, omega, and psi can be reliably estimated, with uncer-
tainties quantified to provide 96 % accuracy in parameter es-
timates. In real-world conditions, results from the COSMOS-
Europe data set confirmed the relationship between beta
and cutoff rigidity. A multiple linear regression analysis re-
vealed that mean atmospheric pressure, site altitude, and cut-
off rigidity together explained 52 % (R2) of the variability in
beta estimates. This finding aligns with previously published
research (Desilets et al., 2010; Clem and Dorman, 2000; Dor-
man, 2004), which reinforces confidence in the method’s va-
lidity.

In contrast to many earlier studies, this research derived
beta values for the energy spectrum of CRNS sensors, which
detect particles with a different energy spectrum compared to
traditional neutron monitors. Few studies have successfully
analysed beta using direct data from CRNS sensors (Schrön
et al., 2024), with most focusing on scaling parameters de-
rived from neutron monitors (Clem and Dorman, 2000; Mc-
Jannet and Desilets, 2023; Desilets et al., 2006) and semi-
analytical models (Zreda et al., 2008; Köhli et al., 2023; De-
silets et al., 2010). In comparison to these previous studies,
this research found a wider range of beta values, particularly
at high cutoff rigidities and high altitudes.

This larger range of beta estimates has important impli-
cations for soil moisture estimation from neutron flux, as
it indicates a significant sensitivity of beta to environmen-
tal factors. The broader range of beta values observed, even
for thermal neutrons, underscores the influence of the energy
spectrum of the observed neutrons (Bütikofer, 2018). These
findings suggest that the energy spectrum plays a critical role
in determining beta values, which differ significantly from
those derived using neutron monitors.

Future research on atmospheric pressure scaling should
aim to further investigate site-specific and sensor-specific
characteristics to improve the development of scaling func-
tions. Identifying these factors could enhance the precision
of soil moisture estimates across different environments and
sensor types.
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Figure 4. Sensitivity of soil moisture calculated as the difference between estimated and true soil moisture. Estimated soil moisture de-
pends on atmospheric pressure (a–c), incoming neutron intensity (d–f), and air humidity (g–i) and their respective ranges. True soil moisture
remained constant, while estimated soil moisture depends also on the reference value of omega and reference value of air humidity. Con-
tour lines show soil moisture differences of 0.02 m3 m−3 (curved) and 0.00 m3 m−3 (straight) to reference values. Differences between the
estimated moisture and true soil moisture were always highest for moist conditions, e.g. 0.4 m3 m−3.

4.2.2 Air humidity and neutron flux

The air humidity scaling parameter, omega, closely aligned
with values proposed in other studies (Köhli et al., 2021;
Rosolem et al., 2013). However, the mean omega value found
in this study (−0.0065) differed by approximately 20 % from
the value proposed by Rosolem et al. (2013), which could
have a significant impact on soil moisture estimates under
varying air humidity conditions compared to reference envi-
ronments.

Our analysis using thermal neutron detectors confirmed
the validity of omega estimates, with omega values being
smaller, consistent with the energy spectrum of these sensors.
This is due to their reduced sensitivity to hydrogen within the
vertical air column and the sensor’s footprint area. Similar
findings were reported by Schrön et al. (2024) and Rasche

et al. (2023), indicating that thermal neutrons exhibit a di-
minished sensitivity to air humidity.

In contrast to some previous studies, our results align more
closely with those of Köhli et al. (2021), who identified a
stronger influence of air humidity on neutron flux scaling in
CRNSs. The omega values reported here were higher than
those found in other studies which identified a stronger im-
pact of air humidity on neutron flux scaling of CRNSs. Here,
the values were higher than those of other studies (Schrön
et al., 2024; Rosolem et al., 2013), resulting in a steeper slope
(−0.0065) and potentially different functional form for the
air humidity impact on neutron flux scaling.

4.2.3 Incoming neutron intensity and neutron flux

The results demonstrate that cutoff rigidity significantly in-
fluences the estimation of scaling parameters, particularly
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Figure 5. Uncertainty of beta, psi, and omega with respect to consecutive days of measurement (a, c, e) and neutron flux (b, d, f) over
the whole time period. One outlier was removed for omega. Uncertainty calculated for the Alento site is marked as a red asterisk, and the
synthetic test case (1000 realizations) is marked as a blue plus. The solid grey lines denotes the logarithmic fitted line.

psi, which scales incoming neutron intensity. For example,
psi values tend to be higher at sites where the cutoff rigidity is
similar to that of reference NMDB stations, such as Jungfrau-
joch (4.5 GV). Sites with cutoff rigidities outside this range,
however, exhibit more variability in psi estimates. This sug-
gests that proximity in cutoff rigidity between a CRNS site

and its corresponding NMDB reference station is critical for
accurate scaling of neutron intensity measurements.

Nevertheless, other factors, including elevation and geo-
graphic distance, also affect the scaling impact. For instance,
although Lmks and Jungfraujoch are located at similar alti-
tudes, they show different scaling impacts, highlighting that
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Figure 6. Results of scaling parameters, namely (a) beta, (b) omega, and (c) psi, for thermal neutron counts using bare counter tubes against
epithermal neutron counts using a moderated tube. Moderated, i.e. epithermal, counts are commonly used for soil moisture determination
with CRNSs.

Figure 7. Evaluation results for MFC2 at the Alento site (ALC002 in Bogena et al., 2022). High variations in (a) incoming neutron intensity,
(b) absolute air humidity, and (c) atmospheric pressure are compared against observed vertically weighted soil water content (SWC). Solid
grey lines are the respective correction factors, with the other dashed lines representing the corresponding secondary scaling factors for this
period.

cutoff rigidity is not the only determinant. This finding im-
plies that while cutoff rigidity is a key factor, a more com-
prehensive approach that accounts for elevation, geographic
proximity, and local environmental conditions at both CRNS
and NMDB sites is required for accurate parameter estima-
tion (Bütikofer, 2018; Gerontidou et al., 2021; McJannet and
Desilets, 2023).

4.3 Implementation and implications of the new
approach

A data-driven approach may offer a viable alternative to
semi-analytical scaling models, providing practical benefits
for CRNS users. It allows for the selection of NMDB moni-
tors that are more appropriate for certain CRNS sites than the
commonly used Jungfraujoch station. This flexibility enables
improved scaling accuracy by incorporating NMDB moni-
tors that are geographically closer or better suited to the envi-

ronmental conditions of the CRNS site (Bogena et al., 2022;
Zreda et al., 2012). Additionally, the method can be seam-
lessly integrated into existing CRNS workflows, comple-
menting traditional methods to enhance calibration reliabil-
ity. By improving calibration accuracy, the approach supports
robust soil moisture estimates, enabling better-informed de-
cisions in agriculture, hydrology, and climate monitoring.

5 Conclusions

The results of this study demonstrate that the new calibra-
tion method for estimating scaling parameters (beta, psi, and
omega) for cosmic ray neutron sensors (CRNSs) is both reli-
able and robust. However, it should be noted that the perfor-
mance of this method is dependent on the quality of the data
used. The reliability of the method is supported by the strong
correlations between the estimated parameters and those pre-
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dicted by semi-analytical approaches. However, the study
also indicated that there are larger uncertainties than pre-
viously assumed and that calibration parameters may differ
significantly from the standard values. The observed relation-
ships between parameter values, cutoff rigidity, and elevation
provide further validation to the approach. However, the un-
certainties highlight the need for careful data selection and
parameter estimation to ensure the reliability of the results.

Furthermore, the results indicate that pressure- and
efficiency-corrected data from NMDB sensors located near
the CRNS, particularly those with similar or lower cutoff
rigidity, should be given preference. This result is in line with
existing semi-analytical scaling methods and demonstrates
that cutoff rigidity is not a sufficient condition for optimal
scaling parameterization. The study further underscores the
importance of site- and sensor-specific scaling parameters to
guarantee precise soil moisture estimates. Sensor-specific at-
tributes, such as the energy spectrum monitored, significantly
influence the accuracy of these estimates. While cutoff rigid-
ity and elevation were identified as critical factors influenc-
ing beta, psi, and omega, additional, unidentified factors may
also play a role. To ensure accuracy, it is recommended that
periods with average environmental conditions are selected
for calibration to minimize discrepancies between estimated
and actual soil moisture.

Outlook and future directions

Future research should focus on enhancing data collection
methods, defining quality standards, quantifying parameter
uncertainty, and increasing the length of observation periods
to reduce uncertainty. Additionally, refining scaling meth-
ods to better account for the energy dependence of neutrons,
geographic and environmental factors, and other site- and
sensor-specific conditions that influence scaling parameters
is necessary. Although this study has identified key principles
for scaling, further fine-tuning is required to fully understand
and quantify the scaling functions. The findings revealed a
higher variability in beta, a greater impact of air humidity on
CRNS neutron intensity, and more variation in scaling fac-
tors for NMDB monitors than previously expected.

The proposed method can be tested across a broader range
of sites and conditions to explore its full potential and limi-
tations. Moving forward, a hybrid calibration approach com-
bining the benefits of both semi-analytical and data-driven
scaling methods may offer the most feasible solution. Such
an approach would balance known theoretical relationships
with sensor- and site-specific characteristics while also mini-
mizing the calibration period required. By carefully consider-
ing site-specific conditions, environmental factors, and data
quality, the data-driven method can improve the accuracy and
reliability of soil moisture estimates using CRNSs. Future re-
search should continue to refine these calibration techniques
and further explore the factors that affect scaling functions
for accurate soil moisture estimates at field scale.
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