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Abstract

Soil moisture (SM) information is invaluable for a wide range of applications, includ-
ing weather forecasting, hydrological and land surface modeling, and agricultural
production. However, there is still a lack of sensing information that adequately rep-
resents root-zone SM for longer periods and larger spatial scales. One option for
root-zone SM observation is terrestrial gamma radiation (TGR), as it is inversely
related to SM. Hence, the near real-time data of more than 5000 environmental
gamma radiation (EGR) monitoring stations archived by the EUropean Radiologi-
cal Data Exchange Platform (EURDEDP) is a potential source to develop a root-zone
SM product for Europe without extra investments in SM sensors. This study aims
to investigate to what extent the EURDEP data can be used for SM estimation. For
this, two EGR monitoring stations were equipped with in situ SM sensors to measure
reference SM. The terrestrial component of EGR was extracted after eliminating the
contributions of rain washout and secondary cosmic radiation, and used to obtain a
functional relationship with SM. We predicted the weekly volumetric SM with a root
mean square error of 7%—9% from TGR measurements. Nevertheless, we believe that
this technique, due to its greater penetration depth and long data legacy, can provide
useful data complementary to satellite-based remote sensing techniques to estimate

root-zone SM at the continental scale.

Plain Language Summary

Information on the temporal dynamics of SM across a large area is vital for many
sectors. An extensive network for monitoring EGR detectors that has been operated
across Europe after the Chernobyl nuclear accident is a potential source for deriv-
ing continental-scale SM information without additional costs. We investigated how
accurately SM can be estimated from the data of two of such detectors. The results

3

showed that weekly SM estimates with an accuracy of 0.07-0.09 cm® cm™3 are

Abbreviations: AR, artificial radiation; EGR, environmental gamma radiation; EURDEP, EUropean Radiological Data Exchange Platform; SCR, secondary

cosmic radiation; SM, soil moisture; TGR, terrestrial gamma radiation; TS1, test site 1; TS2, test site 2.
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feasible after adequate data processing accounting for other factors affecting EGR.

We also discussed possible sources that affected the accuracy of the SM estimates

and provided directions for further research. Despite the current limitations, EGR

data show potential for estimating SM across Europe.

1 | INTRODUCTION

Soil moisture (SM) information is invaluable for a wide range
of sectors concerned with weather and climate (Mishra et al.,
2017; Stahlmann-Brown & Walsh, 2022), runoff potential
and flood control (Ghajarnia et al., 2020; Ran et al., 2022;
Singh et al., 2021), soil erosion and slope failure (Moragoda
et al., 2022), geotechnical engineering (N. Lu, 2019), and
water quality (Pignotti et al., 2023). A wide range of methods
are available to measure spatial and temporal SM dynam-
ics, such as point measurements by gravimetric sampling or
using electromagnetic sensors, sensor networks, geophysical
measurements, and airborne and space-borne remote sens-
ing (Vereecken et al., 2022). All these methods have their
own strengths and limitations. For instance, due to the high
spatial variability of SM, it requires many point measure-
ments to accurately represent SM at larger scales. Although
wireless sensor networks can provide SM measurements with
high temporal resolution (Bogena, Weuthen, et al., 2022),
the spatial extent of such networks is typically still rela-
tively small. Geophysical methods like ground penetrating
radar and electromagnetic induction are promising methods to
obtain qualitative SM information with a high spatial resolu-
tion up to the catchment scale (Binley et al., 2015). However,
quantitative SM predictions with these methods are often not
satisfactory due to the uncertainties in the petrophysical mod-
els linking geophysical properties to SM (Terry et al., 2023).
Moreover, geophysical methods are labor-intensive and not
suitable for long-term monitoring. Airborne remote sensing
surveys can cover areas up to 100 km?, but the costs are
generally considered to be excessive for SM measurements.
Space-borne measurements have the advantage of global cov-
erage, but they are often associated with a low measurement
depth and low accuracy, especially in case of dense vege-
tation (Bogena et al., 2015). Therefore, there is a need for
new sources of information for monitoring the variability of
root-zone SM, particularly at regional to continental scales.
One potential source of such information is terrestrial
gamma radiation (TGR), which is the radiation originating
from the decay of radionuclides that are naturally present in
the soil, for example, 40K, 232Th, and 238U. In the 1970s—
1980s, a few studies reported that airborne surveys with
low-flying airplanes using spectrally resolved TGR sensors
can be used to determine SM (Carroll, 1981) and snow water

equivalent (Peck et al., 1971). The measurement principle is
based on the increasing attenuation of TGR with increasing
SM. However, it is difficult to determine SM quantitively
from airborne TGR surveys because the spatial distribu-
tion of radionuclides that determine the background radiation
is not known (Bogena et al., 2015). Therefore, TGR mea-
surements from permanently installed ground-based stations
can be more promising than the TGR measurements from
airborne surveys in terms of measurement accuracy and oper-
ational cost (Bogena et al., 2015). Although some earlier
studies attempted to quantitively relate SM with ground-based
spectroscopic TGR measurements (e.g., Loijens, 1980; Yosh-
ioka, 1989), recent technical advancements are opening up
new prospects in the development of noninvasive gamma-
ray proximal sensors to monitor SM dynamics. For example,
Baldoncini et al. (2018) established that proximal gamma-ray
spectroscopy to measure the temporal changes in TGR is a
promising approach to determine SM with an average uncer-
tainty of <1%. Strati et al. (2018) also reported the potential
of gamma-ray spectroscopy for the successful estimation of
daily SM dynamics over a 7-month period. In their study,
they estimated SM for an area with a radius of 25 m and a
depth of 30 cm using a sensor at a height of 2.25 m. Similarly,
van der Veeke et al. (2020) developed a new type of sensor
(gamma SM Sensor [gSMS]) that uses measurements of TGR
to estimate SM. Gianessi, Polo, Stevanato, Lunardon, and
Baroni (2022) reported that gamma-ray spectroscopy can cap-
ture the SM dynamics as accurately as the more established
cosmic-ray neutron sensing technique (Andreasen et al., 2020;
Bogena, Schron, et al., 2022; Zreda et al., 2012) for a large,
cropped field in Italy. In all these studies, TGR measurements
were made with scintillation-based spectroscopic sensors that
determine radiation in a specific energy window (i.e., *°K
photopeak at 1.46 MeV) for which a clear SM signal can be
expected.

After the nuclear reactor accident in Chernobyl in 1986,
most countries of the European Union (EU) established in situ
monitoring networks measuring environmental gamma radi-
ation (the total amount of outdoor gamma radiation emitted
from all ambient sources including soil) (EGR) to provide
early warning. These EGR measurements are archived and
published in near real-time by the EUropean Radiologi-
cal Data Exchange Platform (EURDEP) (REMon, 2024a).
As a result, measurements of more than 5000 monitoring
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stations are available (Figure 1). Detailed information about
the EURDERP status and data availability can be found in
Sangiorgi et al. (2020). The possibility to determine SM
from this monitoring network is attractive because it would
allow to obtain Europe-wide information on SM without
extra investments (Stohlker et al., 2012). However, the EUR-
DEP network mostly provides integrated EGR measurements
from gas-filled gamma-ray sensors, that is, Geiger-Miiller
and proportional counter tubes, which count the number of
gamma photons entering the detector over a broad energy
spectrum (i.e., 0-3 MeV) without distinguishing between
photon energies (Dombrowski et al., 2017). This type of sen-
sor is optimized for radiation protection tasks, for example,
for measuring the local radiation dose rate in long-term con-
tinuous operation. Moreover, these sensors are simpler and
less expensive to maintain than the scintillation-based spec-
troscopic sensors (Dombrowski et al., 2017). So far, models
for estimating SM from TGR have only been developed for
the high-energy range, for example, for the energy of pho-
tons from K-40 decay in soils (e.g., Baldoncini et al., 2018;
Carroll, 1981; Loijens, 1980). Studies that test whether such
models can also be applied to EGR measurements from gas-
filled gamma-ray sensors that measure in a broad energy range
are still missing. Moreover, the physics behind EGR mea-
surements with regard to SM prediction is not yet clearly
understood. For example, there is a lack of understanding
on the energy dependency of EGR sensors in heterogeneous
ambient conditions as well as the influence of meteorolog-
ical and other confounding factors on the EGR signal and
how this affects SM prediction accuracy. Although Stohlker
et al. (2012) already presented the correlation between EGR
and SM for a period of 2 months, neither did they develop
a functional relationship between SM and EGR nor did they
address meteorological and other confounding factors for a
longer period. Thus, there is a considerable scope for an
improved evaluation of the potential of EURDEP data for SM
estimation.

The aim of this study is to better understand the measure-
ment data from gas-filled gamma-ray sensors typically used
in EURDEP for measuring the local radiation dose rate and
to investigate how accurately SM can be estimated from these
EGR measurements over a broad energy range. The remainder
of this paper is organized as follows: First, the fundamentals
of gamma-ray attenuation and detection are presented. Next,
a calibration method to obtain SM from TGR is derived based
on established physics. In addition, the meteorological influ-
ences on EGR are evaluated to improve the accuracy of SM
estimation. Finally, multi-year TGR measurements are used
to estimate weekly SM and compared with in situ SM mea-
surements to evaluate the accuracy of the SM estimates. This
study ends with a discussion of possible sources of SM predic-
tion uncertainty when using EGR measurements over a broad
energy range.

Core Ideas

* Anextensive early warning monitoring network for
environmental gamma radiation (EGR) is main-
tained in Europe.

¢ Since soil moisture influences EGR, this database
could be used to derive continental soil moisture
products.

* To test this, two monitoring stations in Germany
were selected and equipped with reference soil
moisture sensors.

* From the terrestrial component of EGR, soil mois-
ture was determined with an error of 7-9 vol.%.

2 | THEORY

2.1 | Sources of environmental gamma
radiation

With a gas-filled sensor, the EGR is measured according to the
ambient dose equivalent, H*(10) in nSv h~!, which is used to
quantify the risk of radiation exposure to human health. For
the exact definition of the ambient equivalent dose, the reader
is referred to Vana et al. (2003). In this study, we use “EGR”
when we refer to the measurements with gas-filled sensors and
replace the symbol “H*(10)” by “R” for simplicity. According
to Neumaier and Dombrowski (2014), the measured EGR (R)
consists of four components:

R = Rigrrrgr + Rscr’scr + Rarrar + Rp (D

where R1gr, Rgcr, and R g represent terrestrial gamma radi-
ation (TGR), secondary cosmic radiation (SCR), and radiation
due to artificial sources (AR), respectively. The parameters
rTGr»> T'scr»> and rag are the response factors for TGR, SCR,
and AR, respectively. The response factors of both TGR and
AR depend on the energy spectra of the radiation (Kessler
et al., 2018). Typical values for the response factors range
from 0.7 to 1.3 (Thermo, 2015). The response factor for
Rgcr additionally depends on the orientation of the sensor
(Dombrowski & Wissmann, 2008). The Ry is the intrin-
sic background or self-effect of the instrument, which also
depends on source energy and needs to be determined exper-
imentally (Bossew et al., 2017; Neumaier & Dombrowski,
2014). The Rz may be affected by automatic corrections made
by the measurement system. It can be positive or negative
by up to 10 nSv h~! for a proportional counter-tube sensor
and by 7-41 nSv h™! for a Geiger-Miiller sensor (Szegvary
et al., 2007). Sensors of the same type may show a consider-
able variability of the R, and differences between individual
probes can be as high as 5%—10% (Szegvary et al., 2007).
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FIGURE 1

The mean environmental gamma radiation (EGR) observed by the EUropean Radiological Data Exchange Platform (EURDEP)

network between July 6 and 13, 2023 (REMon, 2023). The right-hand numbers in the legend indicate the number of stations in the respective

intervals.

It is important to note that temperature variability is also
responsible for the uncertainty in Rz measurements (Stoh-
lker et al., 2019). However, temperature-dependent changes
in Ry are typically well below 5 nSv h~! for a change of tem-
perature from —20 to 55°C (Stohlker et al., 2019). During
normal times (without any nuclear accident or emergency),
the measurements of EGR sensors reflect the natural radiation
background, where TGR and SCR are the main contribu-
tors to EGR. Hence, we restrict the discussion to these two
components in the following.

2.1.1 | Terrestrial gamma radiation

TGR can originate from both anthropogenic and natural
sources. The main source of anthropogenic TGR is the '37Cs
radionuclide deposited on the ground by fallout from nuclear
bomb testing and accidents in nuclear plants, for example,
Chernobyl (Szegvary et al., 2007). The contribution of these
anthropogenic sources to EGR is generally small (Bossew
et al.,, 2017). Hence, the high-energy radionuclides such as
40K, 232Th, and >3%U as well as the associated decay prod-

ucts are considered as the main contributions to TGR (Bossew
et al., 2017). These isotopes are abundant in the soil and
have half-lives in the same order of magnitude as the age
of the earth. Depending on the geological setting, TGR con-
tributes ~20-200 nSv h™! to the EGR measured at ground
level (UNSCEAR, 2000).

Radon is a radioactive noble gas, which has 39 known iso-
topes ranging from '>3Rn to 2>'Rn. The most stable isotope
222Rn with a half-life of 3.823 days is present in the decay
chain of 233U, which occurs naturally in different levels in all
rocks and soils. Although 2*’Rn primarily originates in the
soil, it does not bind to soil particles. As a result, it can move
with the air through pores and fractures and can escape from
the soil to the atmosphere. Hence, radon is ubiquitous in the
air at ground level and may have a significant contribution to
the temporal dynamics of TGR. In dry periods, diurnal fluctu-
ations in EGR have been observed, which were attributed to
temperature inversion layers in the atmosphere that retained
radon and radon progenies during the night causing a night-
time increase in EGR (Greenfield et al., 2002). After sunrise,
warm near-surface air destroyed this temperature inversion
layer causing a decrease in EGR (Greenfield et al., 2002).
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It is well known that precipitation washes radon progenies
(mostly 214 Pb and 2!“Bi) out of the atmosphere, leading to
abrupt increases in EGR observations (up to 300 nSv h™!)
associated with precipitation events (Bossew et al., 2017;
Dombrowski & Wissmann, 2008). The magnitude of this
effect differs between precipitation events. In general, longer
rain events do not lead to a higher increase in EGR com-
pared to shorter rain events because the atmosphere is cleaned
quickly due to the rain wash-out and the transport of radon to
the higher atmosphere is relatively slow (Bossew et al., 2017).
After the cessation of rainfall, the EGR due to this wash-out
starts to decrease exponentially as a result of the decay of
these short-lived (~20 min) radon progenies. About 3 h after
arainfall event, the increase in EGR due to atmospheric radon
progenies typically has ceased (Minty, 1997). The presence of
a snow cover also affects EGR because it shields TGR emitted
from the soil (Bleher et al., 2014).

2.1.2 | Secondary cosmic radiation

Secondary cosmic rays are the products of the collision of pri-
mary cosmic rays (coming from outer space) with the atoms of
the Earth’s atmosphere (Morison, 2008). Muons are the major
component of cosmic radiation at ground level in addition
to electrons, positrons, neutrons, and gamma rays. In Cen-
tral Europe, the SCR is approximately 40 nSv h™! at ground
level to which muons contribute with 50%, neutrons with
20%, and electrons, positrons, and photons with 30% (Wiss-
mann & Séez-Vergara, 2006; Wissmann et al., 2005). The
SCR depends on latitude and altitude. The SCR is lower in
low latitudes compared to high latitude areas (Bobik et al.,
2012). With increasing altitude, the proportion of SCR in
EGR increases (Wissmann et al., 2007). Other parameters
such as air pressure, solar activity, and temperature also influ-
ence the fluctuations of SCR (Bogena, Schron, et al., 2022).
The relationship between SCR (for both charged and neutral
components) and atmospheric pressure can be described as
follows (Dombrowski & Wissmann, 2008):

ARSCR, u= _CyAp )

ARSCR, n= _CnAp 3

where ARgcg , is the difference in SCR due to the charged
components, C, is a factor for the charged components with
a value of 0.051 nSv h™! hPa~!, ARgcR , 18 the difference in
SCR due to neutral components (e.g., neutrons), C,, is a factor
for neutrons with a value of 0.076 nSv h~! hPa~!, and Ap is
the air pressure difference relative to the standard air pressure.

The components of SCR, especially neutrons and muons,
are also known to be inversely related to solar activity (Dom-

browski & Wissmann, 2008). The variations in SCR due to the
changes in solar activity might range from 10% to 20% and is
subject to an 11-year cycle (Dombrowski & Wissmann, 2008).
The fluctuations in neutron flux due to solar activity can be
described by:

where ARgcg ,, is the difference in SCR due to neutrons and
AN,, is the relative deviation of the neutron count from the
average neutron count rate. The muon and neutron fluxes at
the ground level are highly correlated (Stevanato et al., 2022),
and, therefore, the fluctuations in muon flux due to solar
activity can be estimated by:

ARSCR, u= 1+ CnmANm (5)

where ARgcg , 1s the difference in SCR due to muons, and
C,,,, 1s afactor with a value of 0.52 + 0.05 as reported by Wiss-
mann (2006). Finally, the seasonal variation of atmospheric
temperature also influences the muon flux on the ground.
However, the influence of this factor is small and only leads
to a deviation of SCR by + 1.5 nSv h™! (Dombrowski &
Wissmann, 2008). Therefore, this factor was neglected here.
It should be noted that the described corrections for the SCR
component of EGR measurements are similar to the cor-
rections for cosmic-ray neutron measurements (Zreda et al.,
2012), except that the latter technique requires an additional
correction for atmospheric humidity because of its sensitiv-
ity to the total amount of hydrogen within the measurement
footprint (Rosolem et al., 2013).

2.2 | Gamma ray attenuation

Gamma-rays are attenuated by interactions with matter. There
are three types of interactions: the photoelectric effect, Comp-
ton scattering, and pair production. The relative importance of
these interactions for gamma-ray attenuation depends on the
energy of the gamma rays (IAEA, 2003). Compton scatter-
ing is the dominant type of interaction for the energy range
associated with TGR (Baldoncini et al., 2018; Minty, 1997).
The incident gamma-ray photons lose part of their energies
to the electrons of the interacting medium during each scat-
tering event, and eventually the resulting low-energy photons
are absorbed completely by the electrons through the photo-
electric effect (Minty, 1997). Thus, the attenuation of TGR is
proportional to the electron density of the material. The sim-
plest approach for modeling gamma-ray attenuation is based
on mono-energetic radiation through a homogenous material
that follows the classical Beer-Lambert law of absorption:

I = Ije (6)
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where [ is the gamma radiation after passing through a mate-
rial of thickness x, I is the initial gamma radiation, and y is
the linear attenuation coefficient. For different materials, the
mass attenuation coefficient (u,, = u/p) is an intrinsic prop-
erty that strongly depends on the energy level of gamma-rays
(Grasty, 1976).

In porous media such as soil, gamma-rays are attenuated by
the solid, water, and air phase of soil. Therefore, Equation (6)
can be extended by considering the fractions (6) and density
(p) of the solid, water, and air phase (Beamish, 2013):

I = Ioe_(”mesespsx+”m,w0u'pwx+/’lm,ll0apux) (7)

where the subscripts s, w, and a refer to the solid, water, and
air phase, respectively. Values for the three mass attenuation
coefficients as a function of photon energy can be found in
the NIST database (NIST, 2024) for the energy range between
0.01 and 3 MeV. As the density of air is three orders of mag-
nitude lower than the density of the water and the solid phase,
the attenuation by the air phase in the soil can be neglected.
The linear attenuation coefficient for the solid phase depends
only on the mineral types in the soil, in particular the average
density and atomic number of the elements contained in the
minerals. Therefore, it is reasonable to assume that the attenu-
ation by the solid fraction (6,) is constant, and that changes in
gamma-ray attenuation mainly depend on the water content
of the soil. Water is ~1.11 times more effective in attenuat-
ing TGR than a typical solid material because water has 1.11
times as many electrons per weight compared to solid material
(Grasty, 1976). Hence, the ratio of mass attenuation coeffi-

cients for water and solid phases, P;’""“' ,is 1.11. Itis interesting

to note that this value of 1.11 is validsfor radionuclides with an

expected to be lower than 1.11 for low-energy nuclides (ﬁfST,
2024). The value of 22 ag a function of energy is provided

m,s

in Figure S1.

2.3 | Gamma radiation measurement volume

The measurement volume of the EGR sensor is the volume
from where the gamma radiation signal originates. It charac-
terizes the scale and spatial resolution of the SM estimates
obtained from EGR measurements. If the sensor is placed
at 1 m height, 95% of the detected signal originates from
within a radius of 15 m around the sensor for the decay of
40K at 1.46 MeV (Baldoncini et al., 2018). An increase in
sensor height will result in a larger horizontal footprint (van
der Veeke et al., 2020). The horizontal footprint of the EGR
sensor is not strongly dependent on SM (Beamish, 2013).

Regarding the vertical footprint of the EGR sensor, 95% of
the detected gamma radiation signal originates from the top
30 cm of soil in case of a bulk density of 1.2 g cm™ at 1.46
MeV (Baldoncini et al., 2018). The sensing depth decreases
with increasing bulk density of the soil. More information on
the horizontal and vertical footprint of EGR sensors can be
found in Baldoncini et al. (2018).

2.4 | Relationship between gamma radiation
and soil moisture

For a sensor with cross-sectional area, A, photopeak effi-
ciency, &, installed at a height, 4, the number of gamma-ray
photons recorded per second, N, originating from an infinite
homogeneous soil volume source is given by Grasty (1976):

N=525E (uh) ®)
g

where 7 is the number of emitted photons per unit volume of
soil per second, y,, is the linear attenuation coefficient for air,
Mg is the linear attenuation coefficient for the ground, and E,
indicates a function known as the exponential integral of the
second kind given by:

(s}
— Hgahx
E, (Mah)=/e ——dx )
1

where x is the thickness of the air layer between the soil
and the sensor. The relative change in gamma-ray photon
count rate due to the presence of SM can be derived from
Equation (8) as:

% E2 (Mah)

N — _ Hg, dry a O)
N,
dry Zﬂgwdry E2 ([lah) ”g
where N,y is the gamma-ray photon count rate and p, 4 is

the linear attenuation coefficient for the ground in a dry state
without water.

To investigate the influence of SM on gamma-ray attenua-
tion in soil, the differences in attenuation between wet and dry
soil can be quantified considering the ratio of mass attenuation
coefficients for water and solid phases (””’ =) (Figure S1). For

high-energy nuclides, the relationship between Mg and g, g
is given by Lgvborg (1984):

My = g ary [1+ 111 w] (11)
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where w is the gravimetric water content (g g~!). By
combining Equations (10) and (11), it can be shown that:

N 1
Ngy 1+L1lTw

12)

Considering volumetric SM, Equation (12) can be rewritten
as:

N 1

Nary 14111 %2e
Pp

13)

where 6 is the SM in vol.%, p,, is the density of water, and p,
is the dry bulk density of soil.

The normalized TGR as a function of the volumetric water
content is shown in Figure 2 based on Equation (13). The
relationship between these two variables is expected to be
approximately linear and only dependent on soil bulk density.
The EGR sensors used for the current study record the total
EGR in a broad energy band ranging from 0 to 3 MeV. Since
the effective energy of the TGR is not known, we introduce a
as the effective ratio of the mass attenuation coefficients for
water and solid phases for TGR and modified Equation (13)
accordingly:

R
TGR _ _ 1 . (14)
RrGrdry 1 +a 2w
b

If the dry bulk density of soil is known, the two remaining
parameters Rygg 4 and a in Equation (14) can be cali-
brated using TGR and reference SM measurements. After
calibration, SM can be predicted from TGR with:

0 oy (Rrgrary — Rrcr) 15)
@ Rrgr

3 | MATERIALS AND METHODS

3.1 | Experimental site

Two EGR monitoring stations of the Forschungszentrum
Jillich GmbH (FZJ), Germany (N50°91’, E6°40’) were con-
sidered for the current study. The land use in the surroundings
of both monitoring stations is heterogeneous (a mix of grass,
shrubs, and deciduous trees), which is also the case for many
EURDERP stations (Dombrowski et al., 2017). The monitor-
ing stations are named test site 1 (TS1) and test site 2 (TS2)
for the current study (Figure 3). Overview photos of both
TS1 and TS2 are provided in Figures S2 and S3. Both sites
show moderate soil radioactivity and the values of activity
concentrations for different soil radionuclides can be found
in REMon (2024b). A 4-year time series (January 1, 2014, to

1.00

095

Normalized TGR

e
3
a

070} —pp=1.0gem™
—pp=1.6gcm™
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FIGURE 2 Theoretically derived normalized terrestrial gamma

radiation (TGR) as a function of soil moisture (SM) for a high and low
soil bulk density (p,,). This relationship is valid for an energy range of

0.4-1.46 MeV.

January 1, 2018) of EGR measurements was considered for
this study.

3.2 | Environmental gamma radiation
monitoring sensors

The EGR was measured by proportional counters of the type
FHZ 621 G-L (Thermo Fisher Scientific Inc.). The sensors
were installed to monitor the EGR as an early warning for
nuclear exposure. The proportional counter consists of a
gas-filled cylindrical tube (Iength 340 mm, external diameter
65 mm) that contains a mixture of argon and carbon dioxide.
The sensors are mounted on a pole 1 m above the ground
with a PE protection cover (Figure 3) and monitor EGR
with 10-min integration time. For this integration time, the
measurement error is +6% in the range from 50 nSv h~! to
0.1 Sv h™! (Thermo, 2015). The approximate energy range
of proportional counters ranges from 26 keV to 3 MeV
(Thermo, 2015). Proportional counters may offer a lower
energy dependence of the response (Dombrowski et al.,
2017), and the energy dependency for the counters used in
this study was +30% in the range from 30 keV to 1.3 MeV
(Thermo, 2015). Proportional counters can be used in dif-
ferent modes with a possibility to obtain energy dependence
compensation (Thompson et al., 1999). However, sensors
used for the current study measured EGR in counting mode,
which is the simplest mode that detects radiation without
providing information on its energy. This is similar to the
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2]
.

FIGURE 3
(TSI, test site 1; TS2, test site 2).

conventional EURDEP gamma-ray sensors. However, the
various sensor types from different companies used in the
EURDEP network differ in terms of sensitivity, self-effect,
energy dependency, and linearity of the response, as well as
the response to SCR. Detailed information on the accuracy
and measurement characteristics of gamma-ray sensors used
in the EURDEP network can be found in Stohlker et al.
(2009). Nevertheless, it is important to stress here that the
EGR sensor type investigated in this study is representative
for the general behavior of sensors in the EURDEP network.

3.3 | Extracting the terrestrial component of
environmental gamma radiation

In a first step, transient increases in the EGR measurements
during and after precipitation due to wash-out of radon proge-
nies were removed using data filtering. For this, periods with
precipitation and up to 3 h after precipitation were identified
and excluded from further analysis. The required precipita-
tion data for this filtering were measured by a climate station
located inside the campus of FZJ with a temporal resolution
of 10 min.

In a second step, the long-term constant contribution of
SCR was removed while also considering its short-term vari-
ability due to atmospheric pressure and solar activity. We
assumed that the long-term contribution of SCR was the same
for both test sites, which is reasonable given the proximity
of the sensors. Atmospheric pressure measurements were not
available for the same climate station where precipitation was
recorded. Hence, these data were obtained from a nearby cli-
mate station at the lysimeter facility also located on the FZJ

Locations of the environmental gamma radiation (EGR) monitoring stations on the premises of the Forschungszentrum Jiilich

campus. To account for the short-term SCR variability, we
used incoming neutron flux data from the neutron monitor
database (NMDB; https://www.nmdb.eu/nest/). The closest
station for the study area is Jungfraujoch (JUNG), located in
Switzerland. Using Equations (2)—(5), the variability in SCR
was described as:

Rigcr = (R

~0.051 (P = Py ) (1+0.52X AN,,))

4, mean

+ (R, mean —0.076 (P = Pt ) (1+ AN,,)) (16)
where R ¢y is the corrected SCR, R, cqn = 32.7 nSv h=!is
the average muon flux at sea level reported by Dombrowski
and Wissmann (2008), R,, 1ean = 8 NSV h~! is the average neu-
tron flux at sea level reported by Wissmann et al. (2005), P, ¢
= 1013.25 is the standard atmosphere pressure at sea level,
and P is the actual atmospheric pressure at the test site. After
estimating R gcr, the TGR can be derived from Equation (1)
using:

Rigr = "?é;R (R—Rp —rpagRugr — rscrRiscr)  (17)

Unfortunately, the response factors and the inherent sensor
background/self-effect (Rp) were not known for the sensors
used for this study. Therefore, the response factors were
assumed to be 1 and the measurements were not corrected
for a self-effect. Furthermore, we did not consider the
contribution of AR. With these simplifications, Equation (17)
reduces to:

R1gr = R— Rlgcr (18)
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3.4 | Reference soil moisture measurements
with SoilNet

At both sites, a SoilNet SM station was installed within the
measurement footprint of the EGR monitoring station to mea-
sure reference SM. SoilNet is a wireless sensor network that
enables real-time SM monitoring with a high spatial and tem-
poral resolution (Bogena et al., 2010; Bogena, Weuthen, et al.,
2022). Each end device unit was equipped with eight SMT100
sensors (Truebner GmbH) (Bogena et al., 2017), which were
installed within 5 m distance of each EGR monitoring station.
Four of these sensors were installed at a depth of 5 cm, and
the other four sensors were installed at a depth of 15 cm. The
sensors at 5 cm were assumed to represent the SM of the top
10 cm of soil, and the sensors at 15 cm were assumed to rep-
resent the SM of the top 10-20 cm of soil. SM was measured
with a temporal resolution of 15 min. Reference SM measure-
ments during and 3 h after precipitation were not considered
to obtain a dataset that is consistent with the EGR measure-
ments filtered for the wash-out of radon progenies. Afterward,
the mean SM time series measured at 5- and 15-cm depth were
averaged to obtain a representative estimate of the moisture
content for the top 20 cm of soil.

3.5 | Soil dry bulk density measurements

For the determination of the dry bulk density of soil at TS1
and TS2, we collected three soil cores within 5 m distance of
each EGR monitoring station using a Humax soil auger. The
length of each core was 30 cm, and the diameter was 5 cm.
Each core was subdivided into six subsamples of 5 cm length,
and the dry bulk density was estimated using the oven drying
method (105°C for 48 h) for each subsample. The average dry
bulk density of the top four samples of each core was used to
calculate the mean dry bulk density of the top 20 cm of soil
for both sites.

4 | RESULTS

4.1 | Environmental gamma radiation

The EGR measurements with 10-min resolution showed occa-
sional spike-like patterns (Figure 4). As expected, these spikes
were associated with precipitation events. After using the fil-
ter to remove EGR data during and 3 h after precipitation,
the spikes were successfully removed. Similar results were
obtained for both sites. This confirms that atmospheric radon
progenies that have reached the ground by precipitation are
responsible for the short-term transient increases in the EGR
activity (Bottardi et al., 2020).

A significant (at p < 0.05) inverse relationship with a
correlation coefficient ranging from —0.37 to —0.43 was
observed between the daily average EGR and daily average
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atmospheric pressure for both test sites (Figure 5). Baciu
et al. (2006) reported a medium to strong negative cor-
relation (—0.57 to —0.21) between EGR and atmospheric
pressure. As discussed previously, this is attributed to the
effect of atmospheric pressure on the SCR, which contributes
substantially to the EGR. In contrast, a significant posi-
tive relationship with a correlation coefficient ranging from
0.47 to 0.58 was found between the daily average EGR
and daily average incoming neutron flux for both test sites
(Figure 5). The correlation was stronger than that associated
with the effect of atmospheric pressure. This is consistent
with Dombrowski and Wissmann (2008), who reported that
the relative variation of the EGR may range from —56% to
56% due to atmosphere pressure differences, while it could
range from —30% to 100% for differences in incoming neutron
flux.

Figure 6 shows the measured EGR for both test sites with
hourly, daily, and weekly running averages after filtering for
wash-out effects associated with precipitation. The average
EGR of the two stations varied from ~87 to 96 nSv h™! dur-
ing the study period (Table 1). The raw data with a 10-min
temporal resolution were very noisy due to the uncertainty
in the count rate and hence not shown in Figure 6. It is
evident that temporal averaging reduced this noise strongly.
For example, the standard deviation of the raw data for TS1
was 5.14 nSv h™!, and it decreased to 2.13 nSv h™! for the
daily-averaged data and 1.84 nSv h™! for the weekly aver-
aged data. Hence, the uncertainty in EGR measurements
decreased with the longer integration time, which agrees with
the findings of Stohlker et al. (2019).

4.2 | Terrestrial gamma radiation

The average weekly EGR was used to calculate the weekly
TGR for both test sites (Figure 7) using Equations (16) and
(18). The mean TGR of all sites varied from 44.71 to 54.28
nSv h™! (Table 2). The standard deviation of the daily TGR
(1.67 nSv h~!) was found to be lower than the standard devi-
ation of the daily EGR (1.84 nSv h™!) for both sites (Tables 1
and 2). This suggests that some variation in the EGR associ-
ated with SCR was successfully removed. A second indication
of the adequacy of the procedure to remove the SCR contri-
bution from the EGR is that the correlation between extracted
TGR and atmospheric pressure as well as incoming neu-
tron flux was considerably lower than in the case of EGR
(Table 3). For example, the correlation coefficient with atmo-
spheric pressure was —0.43 for the EGR, while it was only
0.03 for the TGR (Table 3) in case of TS2. A third indica-
tion of the effectiveness of the correction procedure is that the
correlation of the EGR between the two test sites decreased
from 0.92 to 0.85 after removing the contribution of SCR
from the EGR. The reason behind this decreased correlation
of the TGR between the two sites is likely due to the increased
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FIGURE 4 Influence of precipitation on the environmental gamma radiation (EGR) measurements for test site 1 (TS1) and test site 2 (TS2).

The top plots show precipitation, and the bottom plots show EGR measurements. All the measurements are shown at 10-min resolution.
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FIGURE 5 Correlation of the daily environmental gamma radiation (EGR) with atmospheric pressure and incoming neutron flux for test site 1

(TS1) and test site 2 (TS2).
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TABLE 1 General statistics of the environmental gamma radiation (EGR) for both test sites.
Standard deviation (nSv h—1)
Test site Mean (nSv h™1) 10-min data Hourly average Daily average Weekly average
1 86.35 5.14 2.94 2.13 1.84
2 95.84 5.39 3.10 2.31 1.84
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FIGURE 7 Weekly terrestrial gamma radiation (TGR) for test site 1 (T'S1) and test site 2 (TS2) as well as the correlation between the TGR of
both sites.

importance of site-specific variation related to SM after
removing the SCR component.

4.3 | Estimating soil moisture from
terrestrial gamma radiation

The weekly TGR was calibrated against the reference SM (top
plots in Figure 8) for a period of 4 years to establish a func-

tional relationship using Equation (14) for TS1. A shorter
period was considered for TS2 because reference SM data
were lost due to a technical problem. Analysis of the soil cores
showed that the mean dry bulk density was 1.1 g cm™ for
TS1 and 1.0 g cm™ for TS2. For the calibration, a weekly
resolution was considered instead of daily resolution because
the correlation between the TGR and reference SM was signif-
icantly higher with longer integration time for both sites. For
example, the correlation coefficient was —0.59 between the
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TABLE 2 Key statistics of the extracted weekly terrestrial gamma radiation (TGR) for both test sites.
Test site Mean (nSv h™1) Maximum (nSv h™1) Minimum (nSv h™1) Standard deviation (nSv h™!)
1 44.71 50.55 36.71 1.67
2 54.28 61.01 46.53 1.76
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FIGURE 8 Weekly absolute (top) and normalized (bottom) terrestrial gamma radiation (TGR) as a function of weekly reference soil moisture

(SM) for test site 1 (TS1) and test site 2 (TS2). R? indicates the coefficient of determination, and root mean square error (RMSE) is the root mean

square error.

TABLE 3
or terrestrial gamma radiation (TGR) with atmospheric pressure and

Correlation of environmental gamma radiation (EGR)

incoming neutron flux.

Correlation coefficient (r)

Test site Atmospheric pressure Incoming neutron flux
EGR TGR EGR TGR

1 —-0.37 0.14 0.58 0.33

2 -0.43 0.03 0.47 0.20

daily TGR and reference SM, while it was —0.71 between the
weekly TGR and reference SM for TS 1. The calibrated param-
eters are provided in Table 4. The fitted values for Rygg gry

TABLE 4
using reference SoilNet soil moisture (SM) measurements obtained by

Results for the calibration parameters for both test sites

averaging measurements at 5-cm and 15-cm depth.

Test site Rygrary a
1 47.46 0.28
2 57.27 0.25

Note: Ry gr,—maximum terrestrial gamma radiation when the soil is completely
dry; a—the effective ratio of TGR mass attenuation coefficients for water and solid
phases.

were 47.5 and 57.3 nSv h~! for TS1 and TS2, respectively.
These values were 3—4 nSv h~! higher than the maximum
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FIGURE 9 Seasonal dynamics (left) and reference versus predicted (right) soil moisture (SM) for test site 1 (TS1) and test site 2 (TS2). A

shorter period was considered for TS2, as there was a data gap in the reference SM data due to a technical defect.

measured TGR for both test sites (Table 2) because the soils
were not fully dry in the course of the field experiment. The
observed differences in Rygg gy are likely related to site-
specific characteristics such as differences in radionuclide
concentrations of soil-forming minerals (Stohlker et al., 2012)
or shielding effects, for example, shielding due to the pres-
ence of a concrete road or building within the measurement
footprint (Dombrowski et al., 2017).

We found that the theoretical a value of 1.11, which only
considers the contribution of high-energy radionuclides
(0.4-1.46 MeV) for TGR, did not describe the observed rela-
tionship well. Instead, the calibrated value for @ was around
0.3 for both test sites. This relatively low value suggests a
strong contribution of low-energy TGR with an energy range
below 0.10 MeV (Figure S1). Consequently, the magnitude
of the decrease in TGR with an increase in SM was lower for
the present study (bottom plots in Figure 8) than in the case
of spectrometric measurements in the high-energy range for
which a = 1.11 applies (Figure 2). Despite the differences in
R1GR ary between the two test sites (Table 4), the almost iden-
tical calibrated a value indicates that the energy spectrum was
similar for both sites. This provides confidence in the robust-
ness of the developed calibration models for the current study
and suggests that the methodology developed in this study
can be extended to other sites for estimating SM from EGR.

After calibration, SM was predicted from the TGR and
compared with reference SM measurements (Figure 9). The
seasonal variation of SM was reasonably well captured by
the TGR. A comparison of predicted and reference SM pro-
vided an R* = 0.50 and an root mean square error (RMSE) of
7-9 vol.%. This RMSE is relatively high when compared to
other in situ SM measurements. For example, Cui et al. (2020)
and Y. Lu et al. (2017) predicted SM using ground penetrat-
ing radar (GPR) with an average RMSE ranging from 0.3 to
8 vol.% for a wide variety of soil types. Moreover, Akbar et al.
(2005) reported an RMSE ranging from 2 to 5 vol.% while
estimating SM using electromagnetic induction. However, the
obtained RMSE is similar to that of satellite-based SM esti-
mates. For example, Liu et al. (2022) estimated the SM of the
top 5 cm soil with an RMSE of 7 vol.% using satellite data.

S | DISCUSSION

We found a strong negative relationship between SM and TGR
(r = —0.59 and —0.71 for the daily and weekly measure-
ments, respectively) for a multi-year period using commercial
proportional counter-tube EGR sensors similar to the ones
typically used in the EURDEP network. This is consistent
with the results presented by Stohlker et al. (2012), who
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investigated the correlation between SM and TGR for a period
of 2 months at seven different experimental sites, also using
EGR sensors similar to the type of sensors used in the EUR-
DEP network. They obtained correlation coefficients between
daily TGR and SM content ranging from —0.59 to —0.84. In
contrast, Gianessi, Polo, Stevanato, Lunardon, Francke et al.
(2022) reported a weaker correlation between SM and TGR
for a period of 3 months in an Italian agricultural field. In that
study, EGR was determined using a novel scintillator-based
sensor developed to jointly estimate TGR, cosmic neutrons,
and cosmic muons flux. These reported variations in correla-
tion strength may be due to differences in site characteristics,
for example, soil properties, or differences in the detection
characteristics of the EGR sensors.

For the current study, the EGR-based SM estimates varied
with a greater amplitude compared to the reference SM esti-
mates and consequently resulted in relatively high prediction
errors. This higher prediction error may have several reasons,
which are discussed in more detail below. First of all, the low
value for the calibrated parameter o for both sites indicates
that a considerable fraction of the EGR measured with the sen-
sors used for the current study has a low energy. Hence, those
sensors might not fully capture the TGR signals originating
from the decay of typical terrestrial radioisotopes such as “°K,
232Th, and 38U at high energy, which have been shown to pro-
vide a distinct response to SM change. In addition, low-energy
EGR is associated with more noise compared to high-energy
EGR, leading to a high error for SM estimation from the
terrestrial component of EGR. In a future study, nuclide-
specific spectral gamma radiation measurements should be
acquired in addition to EGR measurements. A joint interpre-
tation may help to better understand the sources of inaccuracy
for estimating SM from TGR obtained with proportional
counters.

The low energy of the observed EGR also has implica-
tions for the measurement footprint. In the case of high-energy
radionuclides, such as 4°K (1.46 MeV), the horizontal foot-
print is approximately 15 m and the vertical footprint is
approximately 30 cm (Baldoncini et al., 2018). The measure-
ment footprint is smaller for low-energy gamma radiation (see
Figure S4). For example, the vertical footprint is reduced to
~5 cm at 0.04 MeV. This reduced measurement footprint
may be responsible for the higher prediction error. The refer-
ence SM sensors installed at 5-cm depth, representative of top
10 cm soil, might not be fully representative of the SM dynam-
ics near the soil surface (05 cm). Thus, the use of more dense
vertical reference SM measurements, specifically for the top
10 cm soil, may improve the SM prediction accuracy. Since
soil is both the source and the attenuating material, it is obvi-
ous that gamma radiation originating in the upper layer of soil
needs to travel a shorter distance to reach the EGR sensors.
Therefore, reference SM measurements weighted according
to the depth sensitivity should also be considered in future

studies, especially when the SM distribution is heterogeneous
within the soil profile.

Another possible explanation for the higher prediction error
is the unaccounted effect of water present in aboveground
biomass within the measurement footprint of EGR sensors. As
the sensors were located at about 1 m height above the ground,
mainly tree stems and undergrowth could attenuate the TGR
signal rather than the tree canopy. To test this possibility, we
roughly subdivided the measurements into two periods: the
growing season (April to September) and the nongrowing sea-
son (October to March), when deciduous trees shed leaves
due to unfavorable weather conditions. A clustering of dat-
apoints was observed when this subdivision was applied to
the data shown in Figure 8 (see Figure S5). Most of the obser-
vations during the growing period fall below the fitted model,
possibly suggesting that the TGR signals were further atten-
uated by the water content present in aboveground biomass.
In contrast, EGR was typically higher for most of the obser-
vations during the nongrowing season due to the lack of this
additional attenuation by above-ground biomass. Because of
this biomass effect, SM was overestimated during the growing
season and underestimated outside of this period (see Figure
S6). Baldoncini et al. (2019) developed a biomass correction
method for TGR signals related to the high-energy radioiso-
tope “°K, but more work is required to extend this approach to
the EGR measurements considered in this study. This should
be explored in a follow-up study where accurate information
on biomass development is available.

Finally, the prediction accuracy may have been affected by
other factors such as variability in soil and atmospheric radon
concentrations, the soil-skyshine contribution, and uncertain-
ties in the contribution of SCR. It is well known that soil and
atmospheric radon concentrations show complex short-term
and long-term variability, which might affect TGR measure-
ments (Siino et al., 2019). The short-term variability (e.g.,
daily cycles, multi-day cycles) in soil radon concentration
occurs due to the site-dependent variability in climatic vari-
ables such as temperature and atmospheric pressure, while the
long-term variability (e.g., annual cycle) is also related to the
seasonal rainfall cycles along with the two above-mentioned
variables (Siino et al., 2019). For the current study, the short-
term variability in soil radon concentration is not relevant
because we aggregated the data to a weekly timescale. How-
ever, the long-term variability in soil radon concentration may
have influenced the measurements of the current study. After
escaping from the soil, radon can migrate away from the point
source as a result of the complex interplay between atmo-
spheric and geological properties (van der Veeke et al., 2020).
Stohlker et al. (2019) reported that the airborne EGR origi-
nating from the atmospheric radon progenies can also cause
considerable variability in TGR over a longer period.

Soil-skyshine represents the backscattering of TGR toward
the earth surface by aboveground air from distant soil well
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outside the measurement footprint (Sandness et al., 2009).
Soil-skyshine was found to be a significant contributor to
the natural background at low energies (<500 keV) and
can even contribute up to 50% of the total background at
100 keV (Mitchell et al., 2009). As the EGR sensors used
for the current study mostly measured low-energy EGR, it
is possible that soil-skyshine contribution affected the EGR
measurements resulting in a lower SM prediction accuracy.

For the current study, the variability in SCR was calcu-
lated assuming a strong relationship between cosmic neutron
and muon flux, and corrections were made using incom-
ing neutron monitoring data only. However, Gianessi, Polo,
Stevanato, Lunardon, Francke et al. (2022) noted substan-
tial differences between neutron flux measurements from
the neutron monitor database and a locally measured muon
flux. This deviation in muon flux can be incurred due to
the changes of atmospheric temperature leading to seasonal
variation in muon flux (Wissmann et al., 2005). Hence, the
procedure to eliminate the contribution of SCR may need to be
improved using local measurements. This could be achieved
using collocated cosmic-ray neutron or muon sensors.

6 | CONCLUSIONS

In this study, we investigated the potential of EGR measure-
ments to determine SM for two sites located in Germany.
For this, we filtered the EGR measurements to eliminate the
contribution of atmospheric radon wash-out. After this, we
separated the terrestrial component of EGR by removing the
contribution of SCR. We installed reference in situ SM sen-
sors within the measurement footprint of the EGR sensors to
establish a relationship between EGR and SM and to evalu-
ate the accuracy of EGR-based SM estimates. Based on our
findings, we conclude that the terrestrial component of EGR
used in this study provided weekly SM estimates with a rel-
atively high error (7-9 vol.%), but the seasonal changes of
SM were well reproduced. The possible sources of uncertainty
that affected the accuracy of SM estimates include the impor-
tance of low-energy radiation in the measured EGR signals
(including a skyshine contribution), additional attenuation by
biomass water content, variability in soil and atmospheric
radon concentration, and unavailability of local SCR measure-
ments. These sources of uncertainty were found to be similar
for both sites and should be investigated in more detail in
future studies.

This study is a first step to estimate SM using the type
of EGR measurements available in the EURDEP network.
More investigations are needed to improve the SM predic-
tion accuracy. Despite the low accuracy of the EGR-based SM
estimates compared to other in situ measurements, we believe
that this technique can compete with satellite-based remote
sensing techniques to estimate root-zone SM on the European

continental scale because of its deeper penetration depth and
long data record.
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