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Abstract. Cosmic-ray neutron sensing (CRNS) has gained popularity for estimating soil moisture due to its
innovative capability to measure at an intermediate scale — a notable advantage over point-scale sensors, which
are often sparsely installed and lead to inaccurate absolute values due to small-scale heterogeneity. CRNS serves
as a crucial link between small and large scales and has been emerging as a reference measurement for validating
remote sensing algorithms. However, the sparse availability of long-term datasets limits use of this possibility.
Within the DFG-research unit Cosmic Sense and the European 2/ GRD0S SoMMet project, multiscale soil mois-
ture monitoring was implemented to integrate CRNS with complementary in-situ observations. In this paper,
we present harmonized soil moisture data from different sensor types, including a CRNS cluster, shallow soil
moisture measurements, and soil moisture profile data, creating a ready-to-use dataset as a reference observation
for remote sensing products, covering a highly-instrumented agricultural site in the northeast of Germany. The
newly established Potsdam Soil Moisture Observatory (PoSMO) comprises 16 stationary CRNS sensors with
point-scale soil moisture sensors installed at the same locations in different depths and data from intensive man-
ual sampling campaigns (covering soil moisture, bulk density, organic matter, etc.). This dataset goes beyond
other studies by covering a larger area of approx. 1 km?, while nevertheless achieving a high sensor density and
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mostly overlapping CRNS footprints allowing for nearly complete coverage. Complementary measurements of
soil properties, vegetation, groundwater, meteorology, and remote sensing imagery provide the context required
to interpret the observed soil moisture dynamics across spatial and temporal scales. The data are available at
https://doi.org/10.23728/b2share.bxamy-4zh85 (Grosse et al., 2025) and provide a new reference dataset for re-
mote sensing products, hydrological or land-surface models, and other applications related to soil water balance.

1 Introduction

The dynamic storage of water in soil is an important compo-
nent of the terrestrial water cycle, yet it exhibits pronounced
spatial and temporal variability. It regulates water and energy
exchange between land surface and atmosphere and plays a
key role in ecohydrological processes, agricultural produc-
tivity, forest dynamics and groundwater recharge. Due to its
critical influence on weather, climate, hydrology, and ecosys-
tem functioning, soil moisture has been designated as one of
the Essential Climate Variables (Bojinski et al., 2014). Re-
liable soil moisture observations are therefore needed not
only for climate and ecological research, but also for applied
purposes including water resources management, irrigation
planning, and agricultural management, as well as flood and
drought forecasting and weather prediction (Vereecken et al.,
2008; Brocca et al., 2017; Moragoda et al., 2022; Levi and
Bestelmeyer, 2018; Molenaar et al., 2024; Srivastava, 2017,
Hovel et al., 2025; Pendergrass et al., 2020; Abioye et al.,
2020; Lachenmeier et al., 2024; Szilagyi and Franz, 2020).
Major challenges include the need to observe soil mois-
ture across multiple spatial scales, the limited ability to di-
rectly capture root-zone and deeper soil water storage, and
the spatial and depth mismatches between satellite observa-
tions and in-situ measurements (Oswald et al., 2024). Accu-
rate measurements for spatial scales beyond the point scale
remain challenging, as small-scale variation due to hetero-
geneity in precipitation, soil properties, vegetation, and other
influences question the applicability of point-scale sensors to
achieve good spatial and temporal coverage beyond the spot
measurement (Peng et al., 2021). Point-scale observations
range from campaign-based manual soil sampling to long-
term observations using dielectric permittivity-based meth-
ods (time-domain reflectometry, frequency-domain reflec-
tometry, capacitance-based sensors) or suction-based meth-
ods, with soil moisture usually associated with soil volumet-
ric water content (VWC). These techniques provide obser-
vations with high temporal resolution but due to their small
support volume (typically only a few cubic centimeters) at
selected locations only (Robinson et al., 2008). Thus, due
to the aforementioned heterogeneity of soil moisture, their
representativeness remains limited. When deployed as net-
works, these sensors enable representative observations of
soil moisture at the field scale (Bogena et al., 2022; Rosen-
baum et al., 2012). However, installing and operating sensor
networks is resource-intensive and may interfere with agri-
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cultural management practices, especially tillage, and thus
are limited in areas where soil-moisture observations could
be particularly informative.

Over the past decades, satellite-based remote sensing has
significantly advanced the assessment of soil moisture from
space. The most notable progress has been achieved using
microwave sensors, which offer the distinct advantage of be-
ing operable under all weather conditions and during both
day and night, however with the temporal intervals deter-
mined by the satellite’s observation schedule. Global-scale
soil moisture measurements with spatial resolutions of ap-
proximately 25x25 km? or coarser and a temporal frequency
of 2-3d, are currently available e.g. through missions such
as the European Space Agency’s Soil Moisture and Ocean
Salinity (SMOS) mission (Kerr et al., 2001) or NASA’s Soil
Moisture Active Passive (SMAP) mission (Entekhabi et al.,
2010). Furthermore, the long-term Copernicus program, via
the Sentinel-1 (S-1) radar satellites, is fostering the develop-
ment of operational soil moisture monitoring at higher spa-
tial resolutions, down to 1km (Bauer-Marschallinger et al.,
2019). The quality assessment of satellite-derived soil mois-
ture products heavily depends on ground-based measure-
ments (Dorigo et al., 2021). A persistent challenge in this
context is the mismatch not only in spatial scale between the
relatively coarse satellite footprints and point-based in-situ
observations, but also in depth, as satellite sensors primar-
ily capture near-surface soil moisture while ground measure-
ments often represent deeper layers (Gruber et al., 2020).
This mismatch complicates the accurate validation and in-
terpretation of remote-sensing products.

Introduced in 2008 (Zreda et al., 2008), Cosmic-Ray Neu-
tron Sensing (CRNS) technology has proven to be a valu-
able method for intermediate-scale soil moisture measure-
ments, applicable in different land-use and vegetation set-
tings, including forest (Rivera Villarreyes et al., 2011; Baatz
et al., 2015). The non-invasive detector retrieves soil mois-
ture time series by detecting the intensity of epithermal neu-
trons present above ground. This epithermal neutron count
rate is inversely correlated to soil moisture, or more precisely,
the hydrogen content within its support volume, termed ““sen-
sor footprint” in this context, extending vertically about 15
to 60 cm and horizontally about 150 to 200 m radius (Kohli
et al., 2015; Schron et al., 2017). Neutron counts are typi-
cally accumulated over several hours, yielding neutron count
rates, that are corrected for influencing factors such as air
pressure, and then converted to soil moisture using a custom
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calibration function (Desilets et al., 2010; Zreda et al., 2012).
Significant advancements have been made in the past decade
in signal correction (e.g. Baatz et al., 2015; Schron et al.,
2018; MclJannet and Desilets, 2023), interpretation (e.g.
Kohli et al., 2021; Schron et al., 2023; Rasche et al., 2021),
sensor calibration/uncertainty reduction (e.g. Schron et al.,
2017), and data processing (e.g. Power et al., 2021, 2025). As
a result, CRNS technology is increasingly tested for diverse
applications, besides soil moisture measurements it could al-
ternatively also give an estimate of biomass or interception
(Baroni and Oswald, 2015; Jakobi et al., 2018; Brogi et al.,
2025) or is used for irrigation assessment (Brogi et al., 2022),
and observations of snow water equivalent (Schattan et al.,
2017; Bogena et al., 2020). Overall, the major advantage of
CRNS is its ability to provide a time-resolved, large-scale,
and integrative measurement of the so-called root-zone soil
moisture (RZSM), representing soil water storage in the up-
per decimeters of the soil profile. This zone typically con-
tains the highest root densities for many vegetation types and
thus constitutes a key component of soil water storage and
the critical zone. Consequently, CRNS captures a substan-
tially larger fraction plant-available soil water than the so-
called surface soil moisture (SSM) retrieved commonly by
satellite remote sensing. Nevertheless, it has remained un-
derutilized in its first decade, though for some years now
there are studies actually employing CRNS data in hydro-
logical modeling, deriving water fluxes or snowmelt using
the CRNS data, beyond merely comparing their results to it
(see e.g. Shuttleworth et al., 2013; Barbosa et al., 2021; Patil
et al., 2021; Scheiffele et al., 2025; Arnault et al., 2025; De-
nager et al., 2020; Foolad et al., 2017; Strebel et al., 2024;
Fatima et al., 2024, 2025; Schattan et al., 2020; Krebs et al.,
2025). This can largely be attributed to the initial sparseness
of sufficiently-long records, the required expertise in their
conversion to soil moisture and technical questions of di-
rectly using CRNS-derived root-zone soil moisture in mod-
eling.

The non-invasive and low-maintenance nature of CRNS
technology, together with its ability to provide long-term
continuous observations, makes it a highly suitable tool for
remote sensing assessments (Babaeian et al., 2018; Mengen
et al., 2023; Beale et al., 2021). Although various CRNS-
datasets have been published (e.g. Bogena et al., 2022;
Cooper et al., 2021; Dorigo et al., 2021), they are mostly
composed of solitary, i.e. spatially detached, stations. While
the footprint of an individual CRNS already marks substan-
tial progress toward matching the spatial resolution of remote
sensing products (Meyer et al., 2022), they still fall short of
the pixel size used by many applications. Combining mul-
tiple CRNS sensors in close vicinity helps addressing these
spatial limitations. By establishing dense CRNS station net-
works, so called CRNS clusters, recent studies have begun
to fill the gap of comprehensive spatial datasets: overlapping
or adjacent CRNS footprints provide a robust means of cap-
turing the spatial and temporal variation of soil moisture in
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the covered area. To date, three such data sets have been
published. At the pre-alpine agro-sylvo-pastoral headwater
catchment site in Fendt, 24 CRNS sensors were deployed
across 1 km? for a two-month period (Fersch et al., 2020).
In 2020, 15 detectors were operated for three months in the
0.4 km? forested Wiistebach catchment in the Eifel Moun-
tains (Heistermann et al., 2022). Most recently, Heistermann
et al. (2023) presented three years of observations from
a high-density cluster of 15 CRNS stations installed over
0.1km? of lowland agricultural land at the Marquardt site
of the Leibniz-Institut fiir Agrartechnik und Biodkonomie
(ATB). The latter cluster was the only one explicitly aim-
ing for long-term operation (i.e. beyond one year) and was
intentionally configured at unusually high density to exploit
the strongly overlapping CRNS footprints, together with in-
version techniques, to resolve sub-footprint heterogeneity.

The Potsdam Soil Moisture Observatory (PoSMO) re-
places the former high-density cluster at the ATB site and
was established to provide spatially representative refer-
ence data for validating high-resolution satellite soil mois-
ture products and for capturing hydrological extremes. Its de-
sign was guided by the following objectives (i) to exploit the
footprint sizes of the CRNS more completely than before;
(ii) to cover an area of about 1 km?, with a denser coverage
at the core and a looser coverage at the outer parts; (iii) to
keep some of the former CRNS stations (position and device)
to provide long-term time series continuing former observa-
tions, as valuable e.g. for satellite remote sensing compari-
son; and (iv) to enable a closer link to surface soil moisture
remote sensing observations by adding shallow point scale
Sensors.

PoSMO integrates 16 distributed CRNS sensors with com-
plementary point-scale soil moisture measurements from
shallow depths consistent with remote-sensing penetration
depths to profiles down to 1 m, enabling both horizontal and
vertical characterization of soil water dynamics. Operational
since mid-December 2023, PoSMO covers approximately 1—
3km? of predominantly agricultural land and provides con-
tinuous soil moisture observations under a wide range of hy-
drological conditions, including droughts, heavy rainfall, ir-
rigation events, and snow cover.

Complementary data sets enhance soil moisture recon-
struction at the km? scale, including several intensive cam-
paigns for CRNS calibration (soil moisture, bulk density, tex-
ture and soil hydrogen pools), hyperspectral and Lidar data,
stable water isotopes, electrical resistivity tomography, and
others. Soil moisture monitoring at PoSMO is intended to be
continued further, to finally be able to provide a three-years
data set (as a future update to the first data set presented in
the current paper).

In the following we will introduce the field site with the
CRNS installation and supporting instrumentation, describe
in detail the observations, data processing and calibration
workflow, and finally present exemplary results illustrating
key dynamics in the dataset and highlight future applications
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of PoSMO as a long-term reference site for remote sensing
and hydrological research.

2 Study Area and Instrumentation

The Potsdam Soil Moisture Observatory (PoSMO) has been
established by the University of Potsdam at and around an
agricultural research site located in the northwest of Potsdam
in northeastern Germany, which is operated by the ATB. In
its central part the DFG research unit Cosmic Sense had op-
erated a dense CRNS cluster since end of 2019, referred to as
the “Marquardt cluster”. This cluster was originally designed
to exploit strongly overlapping CRNS footprints for assess-
ing sub-footprint soil moisture heterogeneity. Within the sec-
ond phase of Cosmic Sense and for the interdisciplinary EU-
RAMET (European Association of National Metrology In-
stitutes) project 2/ GRDO8 SoMMet, a new cluster setup was
envisioned, now as a key long-term soil moisture monitoring
observatory at km? scale. The main aim has been the observa-
tion and harmonization of soil moisture across multiple spa-
tial and temporal scales. To achieve that, the newly-created
PoSMO was implemented by repositioning and refurbishing
some of the existing CRNS stations but also by deploying
a number of additional CRNS stations, a station setup con-
sisting of CRNS sensor, dielectric profile and single-depth
soil moisture sensors. By that the former cluster was not
only extended by nearly an order of magnitude, but now in-
cludes cropped fields larger in size than before, also outside
the fenced ATB site. To further increase the spatial cover-
age of PoSMO, a suitable location with similar land use and
soil type was selected approximately 2 km east of the ATB
(Fig. 1).

As a result, the denser cluster in the western part of
PoSMO provides an actual soil moisture measurement cover-
ing the complete area of the ATB site including its immediate
surroundings (approximately 0.7 km?) under mixed agricul-
tural land use. This is achieved through overlapping or ad-
joining horizontal CRNS footprints of multiple CRNS sta-
tions distributed across the fenced ATB site. The coverage
is expanded by one CRNS station directly east of the ATB
site and especially the more isolated easternmost CRNS sta-
tion, both reflecting a more typical remote sensing validation
setup, with one station representing a rather homogeneous
land use in its surrounding (Schmidt et al., 2024). Altogether
PoSMO could be taken to represent an area of about 3.4 km?
of predominantly cropped fields and meadows, with some
other agricultural land use and loose urban settlings (Fig. 1).
The current setup thus combines the scale of coverage of the
first temporary CRNS cluster at the Fendt site (Fersch et al.,
2020) with the continuity of observation of the ATB Mar-
quardt site (Heistermann et al., 2023).

The ATB site, as the most densely instrumented western
area of PoSMO, is located at 40ma.s.l. on a gentle hills-
lope sloping towards the lake in the west and characterized
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by diverse experimental agricultural plots (Fig. 2). Crops
grown include cereals, maize, alfalfa, sunflower, and rape
seed; the site also features meadows, a variety of orchards
(cherry, apple, chestnut) and a poplar short-rotation planta-
tion. With exception of a few irrigated orchards and occa-
sional local irrigation (on potatoes, maize and spring wheat),
the site is mainly rainfed. The observatory is situated on
predominantly periglacial deposits with sandy to loamy top-
soil (0 to 50 cm depth) and soil texture ranging from 68 %—
91 % sand, 8 %—27 % silt, 0.6 %—4.4 % clay, and organic mat-
ter contents between 0.4 %—17.3 % (by mass). The climate
is temperate, with an mean annual precipitation of 584 mm
(1981-2010) and a mean annual temperature of 9.3 °C (Cfb
by Koppen-Geiger). The groundwater table lies between 1.5
and 10m beneath the surface, and two observation wells
were installed in 2019. Comprehensive meteorological ob-
servations are provided by an on-site weather station, a sec-
ond station 5 km away (both operated by ATB), and a third
station 12 km away operated by the German Meteorological
Service (DWD) (details see Sect. 4).

The site is representative of typical lowland agricultural
landscapes in northern Central Europe, situated within a cli-
matic transition zone between maritime and continental in-
fluences. Moderate seasonal contrasts allow the site to cap-
ture a broad range of hydro-meteorological conditions rele-
vant to temperate agro-ecosystems. As such, the site serves as
a valuable model environment for investigating soil moisture
dynamics across diverse hydro-climatological conditions, in-
cluding dry periods, snow events, and variable precipitation
patterns. Although the two research projects Cosmic Sense
and SoMMet that initiated and supported the establishment
and operation of the observatory have finished end of 2025,
automated measurements are scheduled to be continued by
University of Potsdam at least until end of 2026, allowing
for future updates of the published dataset.

3 Observations and methods

The following subsections provide an overview of the instru-
ments and related observations that comprise the dataset. Ta-
ble 1 summarizes the various sub-datasets collected.

3.1 Stationary CRNS data

3.1.1 CRNS sensor installation

From December 2023 to October 2025, we collected epither-
mal neutron count data from 16 stationary Cosmic-Ray Neu-
tron Sensors (CRNS) at the soil moisture observatory estab-
lished in Potsdam (PoSMO). The positions of the CRNS sen-
sors are depicted in Figs. 1 and 2. The placement of the sen-
sors was selected based on several key considerations: (i) to
ensure a substantial overlap of the footprints, (ii) to capture
the site’s variability along the hillslope gradient, (iii) to po-
sition some sensors near the groundwater wells, (iv) to avoid

https://doi.org/10.5194/essd-18-1703-2026



P. M. Grosse et al.: The Potsdam Soil Moisture Observatory

1707

Figure 1. Locations of CRNS stations at the Potsdam Soil Moisture Observatory (PoSMO). Numbers refer to the station IDs, a station
consisting of a CRNS device and point-scale shallow and profile soil moisture sensors installed in close proximity. The purple area indicates
the extent of predominantly agricultural land with broadly similar land use and soil types, representing land-use unit that PoOSMO aims to
characterize and provide reference data at landscape scale and that is consistent with the spatial aggregation of satellite soil-moisture products
(forest and settlement areas excluded). Background image from Google Earth Engine (Gorelick et al., 2017), Imagery © 2023 Google, Maxar
Technologies. Map data based on OpenStreetMap (© OpenStreetMap contributors, 2025, distribution under ODbL license).

interfering with agricultural management activities, which
necessitated to not directly place sensors on cultivated areas,
and (v) to extend the spatial coverage for direct comparison
with remote sensing products, while placing the sensors to
largely homogeneous surroundings.

The detailed specifications of the sensors installed at the
observatory are provided in Table 2, including the manufac-
turer, sensor type, and detector sensitivity (for further de-
tails, see Heistermann et al., 2023). A total of 16 sensors
from various manufacturers were included in the study: five
devices from Hydroinnova LLC (Albuquerque, USA), four
from Quaesta Instruments LLC (Tucson, USA), four from
StyX Neutronica GmbH (Mannheim, Germany), one Can-
berra (now Mirion Technologies, USA), one from Finapp
S.r.1. (San Pietro in Cariano, Italy), and one from Lab-C LLC
(Sheridan, USA), which is now associated with Quaesta In-
struments. The sensitivity of each device was determined
through parallel measurements with a reference CRNS sen-
sor (calibrator) over a period of at least 24 h, allowing for a
comparison of the neutron count rates observed by different
instruments. The detector sensitivities (Table 2) would allow
to process the neutron counts of all sensors with a universal
calibration parameter to derive CRNS soil moisture (Heister-
mann et al., 2024). As detailed in Table 2, the majority of
the devices employ gases with high neutron cross-sections to

https://doi.org/10.5194/essd-18-1703-2026

detect neutrons, including 3He gas (CRS-1000, CRS-2000)
and '9BF; enriched gas (BF3-C-4, BF3-A-3, CRS-2000-B,
B-E1-4). The “HydroSense Dual” detector is based on a mul-
tiwire proportional chamber with solid °Li (Fersch et al.,
2020; Patrignani et al., 2021), while the StX-140-5-15 sen-
sors utilize 19B-lined converters. Finally, the FINAPPS relies
on a multi-layer zinc sulfide Ag doped scintillator with ®Li
fluoride powder (Gianessi et al., 2024). All of the devices
described above are detectors for epithermal neutrons.

Most CRNS devices also record temperature, relative
humidity, and barometric pressure using external sensors.
These data were used to correct the raw neutron count rates.
For sensors without an external sensor, data from the refer-
ence station at location #11 were used for corrections. Be-
sides the neutron count time series we also provide processed
CRNS soil moisture.

3.1.2 CRNS-based soil moisture estimation

For the data processing of CRNS neutron count time series,
the Python tools Corny (Schrén, 2025) and Neptoon (Power
et al., 2025) were used. Both tools provide algorithms to fil-
ter raw counts for outliers, aggregate them to the desired time
interval, correct for atmospheric influences, smooth the time
series, and calibrate the CRNS with independently derived

Earth Syst. Sci. Data, 18, 1703-1727, 2026
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Figure 2. Overview of the main part of PoOSMO, showing continuously operating CRNS stations with the numbers showing their ID (a station
includes a CRNS detector, point-scale shallow and profile soil moisture sensors), as well as groundwater monitoring wells and climate station.
The approximate horizontal footprint of the CRNS detectors, based on a 150 m radius, is given as highlighted area, with the envelope of the
area covered indicated as dashed line. Additionally, the map shows the two ERT transects, hyperspectral camera position, Bonner sphere
spectrometer location and calibration sampling points (Manual ThetaProbe profile and Split-tube profile). Landuse based on OpenStreetMap
(© OpenStreetMap contributors, 2025, distribution under ODbL license).

soil moisture data (Sect. 3.2), which is required to convert
neutron counts to soil moisture. The data processing involves
several subjective choices. To ensure transparency and repro-
ducibility, we provide the full configuration files for Corny
and Neptoon in the data repository. This will allow users to
understand, reproduce, or adapt the data processing details.

The first step in the processing for the CRNS soil moisture
products provided in this data set is the filtering of neutron
count time series for outliers, which are identified using a
standard deviation—based threshold.

Count rates are influenced by atmospheric factors; there-
fore, we applied the following corrections: the effects of
barometric pressure were corrected following Zreda et al.
(2012); effects of incoming cosmic-ray neutron flux were
corrected using the station Jungfraujoch JUNG (Switzer-
land), following either the approach from Zreda et al. (2012)
or Hawdon et al. (2014); effects of atmospheric vapour con-
tent were corrected using the method described in Rosolem
et al. (2013) or inherently accounted for, depending on the
conversion function to soil moisture (calibration function).
CRNS time series were calibrated using the revised standard
transfer function from Desilets et al. (2010) and the univer-
sal transfer function (UTS) function according to Kohli et al.
(2021). For calibration, neutron counts are related to inde-
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pendently determined reference soil moisture, typically de-
rived from in-situ soil sampling campaigns (see Sect. 3.2).
This procedure allows the determination of the site specific
calibration parameter Ny and Np for the two approaches,
respectively. While the standard transfer function is most
widely used, the newer UTS does specifically accounts for
the influence of air humidity on neutron transport and pro-
vides more accurate soil moisture estimates especially for dry
soil conditions (Rasche et al., 2024). Besides soil moisture,
calibration requires information on soil bulk density and hy-
drogen stored within the subsoil of the sensor footprint. For
this purpose, the vertically-generalized profiles of soil mois-
ture, bulk density, lattice water and organic matter were inter-
polated onto a 1 m-grid and weighted following Schron et al.
(2017). The weighting includes the estimation of the effec-
tive sensing depth (D86), also called integration depth, and
the horizontal footprint (R86), also called support area; for
sampling details see Sect. 3.2. Resulting CRNS soil mois-
ture time series are provided at hourly resolution. Because
neutron count time series exhibit high statistical noise, either
corrected count rates (prior to conversion) or the resulting
soil moisture products must be smoothed. A moving aver-
age with a window length of 12-14 h is commonly applied,
although alternative smoothing approaches have been pro-

https://doi.org/10.5194/essd-18-1703-2026
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Table 1. Overview of Sect. 3: brief summary of each data subset, main observed variables, units, and temporal coverage. Specific details are
given in the corresponding subsections and in the accompanying JSON files, which document each subset within the repository. Folder names
(shown in italics) follow the section numbering of the manuscript, with each numbered folder in the dataset containing the data described in

the respective section.
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Section  Data subset Main observation variables (units) Temporal coverage

3.1.1 Stationary CRNS data, 16 detectors, Neutron counts (-), air pressure (hPa) and December 2023-October 2025
hourly time series of epithermal temperature (°C), relative humidity (%), VWC
neutron counts, meteorological (m3 m~3 )
variables, and CRNS-derived soil
moisture

32 Campaign-based manual soil sampling ~ VWC (m3m™3), permittivity (-), bulk density =~ May 2023—-October 2024
for CRNS calibration, upper 30 cm of (g cm™3), organic matter content (g gfl), soil
the soil (gravimetric samples and texture (mass %)
dielectric measurements)

33 Soil moisture profiles, hourly time Permittivity (=), VWC (m3 m_3) December 2023-October 2025
series from dielectric profile sensors at
20 locations (10 to 100 cm)

34 Shallow soil moisture and temperature, ~ Permittivity (=), VWC (m3 m_3) , soil December 2023—October 2025
hourly time series from dielectric point  temperature (°C)
sensors at 16 locations (5 and 15 cm)

3.5 Muon data, hourly time series from Muon count rate (cph) February 2023-July 2025
one scintillator-based CRNS detector

3.6 Neutron spectrum recorded as daily Neutron energy histogram (cph) June—July 2025
values by a group of outdoor Bonner
spheres

3.7 Hyperspectral reflectance time series Reflectance (-) October 2022-May 2024
of soil surface, terrestrial sensor

3.8 Hyperspectral airborne imagery at one  Reflectance (-) September 2024
date

39 Airborne Lidar imagery at one date Digital Surface and Terrain Model (m) September 2024

3.10 Landuse, especially crop cycles Sowing and harvest dates April 2021-July 2025

3.11 Snow depth monitoring and snow Snow water equivalent (SWE) (mm), snow February 2025
sampling (various techniques), areal depth (cm), density (g cm™3); RGB mosaic
imagery mosaics from an UAS
overflight

3.12 Groundwater level and lake level time GW level (ma.s.l.), distance to surface (m) December 2023—-June 2025
series (hourly)

3.13 Stable water isotopes measured in soils ~ §2H and §'80 May 2023-May 2025
and groundwater along the hillslope (3
campaigns)

3.14 Soil saturated hydraulic conductivity Kgat (cm min_l) single days in 2023 and 2024
from permeameter measurements

3.15 Electrical Resistivity Tomography — Apparent electrical resistivity (2 m™ 1 November 2022
two ERT transects

3.16 CRNS stations with long-term Neutron counts, air pressure (hPa) and 2019-2025

operation continuously during
2019-2025, hourly CRNS and
point-scale profile soil moisture

temperature (°C), relative humidity (%), VWC
(m3 m—3 ), permittivity (—)
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Table 2. Properties of CRNS sensors used at the PoOSMO (including manufacturer, model, and detector principle). Also provided is the ratio
of the sensor’s raw counts of epithermal neutrons to the counts of a calibrator sensor (consistent with Heistermann et al., 2023), referred to as
sensitivity. This is a device specific property, which is independent of the site. It can be used to infer a local calibration parameter value (cf.
Heistermann et al., 2024). Some CRNS devices have been refurbished and are technically different to the formerly used device, and thus the
sensitivity value had to be updated and is different to the former one. CRNS stations that have been continued at their former position with
identical set-up are printed with bold ID. Finapp s.r.1. has changed its CRNS model names; Finapp 3 (F3) refers now to Finapp SWC, Finapp
5 (F5) to Finapp SWC plus, and Finapp 6 (F6) to Finapp SWC Premium. Some Lab-C CRNS devices are currently only sold via Quaesta
Instruments, and then the manufacturer listed is Quaesta Instruments.

ID Manufacturer CRNS type Detection mech.  Sensitivity — remarks

1 Hydroinnova CRS 2000-B 10BF; gas 1.191

2 Canberra self-assembled 3He gas 0.668%  refurbished; horizontal tube orientation
4 Lab-C HydroSense dual OLi foil 4.537

11 Quaesta Instr. dual BF3-C-4 10BF; gas 4.871

12 StyX Neutronica  StX-140-5-15 10BJined 1.127  refurbished

21 Hydroinnova CRS 2000-B 10BF; gas 1.149

22 Hydroinnova CRS 2000-B 10BF; gas 1.163

26 Quaesta Instr. B-E1-4 10BF3 gas 2.487  single tube of a dual system

27 Quaesta Instr. B-El1-4 10BF3 gas 2.468  single tube of a dual system

31 StyX Neutronica  StX-140-5-15 10Blined 2773

32 Finapp s.r.l. Finapp-SWC Plus SLi-doted scinti. 1.400  muon sensor included

33 Quaesta Instr. BF3-A-3, dual 10BF3 gas 1.490

34 Hydroinnova CRS 1000 3He gas 0.448

35 Hydroinnova CRS 1000 3He gas 0.689

38 StyX Neutronica  StX-140-5-15 10B-lined 2.4252

39 StyX Neutronica  similar to SP2 10B-Jined 2425 refurbished

11val  Finapp s.r.l. Finapp-SWC Premium 6Li-doted scinti. 0.873 ot part of the PoSMO, as testing option

4 Type-generic sensitivity factor. ® Half count rates and sensitivity compared to standard operation of this detector.

posed (Franz et al., 2020). CRNS-derived soil moisture time
series are presented and discussed in Sect. 5.1.

3.2 Campaign-based soil measurements for CRNS
calibration

To facilitate the calibration of the CRNS sensors, extensive
field campaigns were conducted at 283 new profile locations,
complemented by data from two previous campaigns in 2019
and 2022 (Heistermann et al., 2023). This dataset encom-
passes a total of 38 campaigns within the CRNS footprints,
with both dielectric and soil core measurements taken down
to a depth of 35 cm. In total, dielectric profiles for obtaining
soil moisture were measured at 447 locations, while soil core
measurements (100 cm? sampling cylinders) were carried out
at 152 locations, thereby increasing the spatial density of
soil moisture observations. All sampling locations were ac-
curately recorded using differential GPS (dGPS). In accor-
dance with the procedures outlined by Heistermann et al.
(2022), key soil properties were derived from oven-dried
samples (105 °C for 24 h), including dry soil bulk density,
soil moisture, and organic matter as well as lattice water ob-
tained from loss-on-ignition analysis (400 °C for 16h and
1000 °C for 12 h, respectively). Soil moisture measurements
taken manually with portable dielectric devices (ThetaProbe
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ML2x, Delta-T Devices LLC, Cambridge, UK) were individ-
ually corrected using a two-point (air—water) calibration for
each device. The conversion from permittivity to volumetric
water content (VWC) followed the equation of Zhao et al.
(2016), with customized coefficients based on all PoSMO
campaigns following Heistermann et al. (2022). This site-
specific conversion, which yielded a root mean square error
(RMSE) of 40.05m3 m™> for the VWC estimates, was ap-
plied to all point-scale sensors — handheld and stationary.

To investigate the potential impact of tillage (by disc) on
temporal variation of soil bulk density, a test in a plot cropped
with maize was done in 2024. Bulk density was sampled at
0, 5, 10 and 15 cm before and again shortly after harvest and
tillage, with a time difference of about 2 months.

3.3 Continuous soil moisture profiles at point scale

We employed four different methods for measuring soil
moisture profiles, each involving different depths and sen-
sors (resulting in a total of 25 individual profiles, see Fig. 1,
covering about two years of data). This approach enabled
us to capture detailed data on the vertical soil moisture dy-
namics relevant to infiltration and drying processes, which
are vital for improving the understanding of CRNS-derived
soil moisture measurements (cf. Scheiffele et al., 2020). The
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impedance-based profile probes (2 PR2/4 and 13 PR2/6,
Delta-T Devices LLC, Cambridge, UK) collected data at 10,
20, 30, and 40 cm depths (with the PR2/6 extending to 60 and
100 cm). Five additional profiles each comprising 4-5 indi-
vidual impedance-based probes (ThetaProbe ML2x, Delta-
T Devices LLC, Cambridge, UK) extended the network by
measuring at depths of up to 200 cm in areas where deeper
monitoring was desirable or where profile probes were im-
practical to install. Furthermore, five soil moisture profiles
were equipped with five TDR probes each (TDR100, Camp-
bell Scientific Ltd., Logan, USA) installed at depths of 10,
25, 45, and 75 cm close proximity to the ATB climate station
(Fig. 2). For all dielectric sensor we applied a site-specific
conversion of measured permittivity to soil moisture, as de-
scribed in Sect. 3.2.

3.4 Shallow soil moisture from point-scale sensors

To enhance the monitoring of the upper soil layers at all
CRNS stations (e.g. for remote sensing applications), ad-
ditional dielectric SMT100 sensors (Truebner, Germany)
were installed at depths of 5 and 15 cm. These time-domain
transmission-based sensors (Jackisch et al., 2020) provide
observations of soil moisture and soil temperature. Shallower
depths than the chosen 5 cm are prone to larger errors in re-
spect to deeper installation depths, considering the usually
rough soil surface and the vertical averaging of soil moisture
point-scale sensors such as the SMT100. Measured permit-
tivity was converted to VWC using a site-specific calibration
function (Sect. 3.2).

3.5 Muon data

Neutron monitors, such as the one at Jungfraujoch (JUNG),
Switzerland, are conventionally used to correct locally mea-
sured epithermal neutron counts for variations in incoming
neutrons. Recent studies suggest that local measurements of
muon counts could improve this correction (Stevanato et al.,
2022). Station #32 operated at PoOSMO also includes muon
detection (Gianessi et al., 2024), allowing for respective anal-
yses. These data span January 2023 to July 2025 (see also
Table 2).

3.6 Bonner sphere measurements of full neutron energy
spectrum

Another option to potentially provide an estimate of the lo-
cal incoming neutron flux are Bonner sphere spectrometers
(BSS), as previously applied in combination with a tempo-
rary CRNS cluster (Fersch et al., 2020). Such measurements
also yield background information on the neutron signal, for
example, quantifying the thermal neutron component in the
environment that must be eliminated prior to detection, as
this contribution can impair the accurate counting of epither-
mal neutrons by CRNS devices.
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Based on an existing extended range BSS system,
known as NEMUS (Wiegel and Alevra, 2002), Physikalisch-
Technische Bundesanstalt (PTB) developed an Sl-traceable
version specifically for automated neutron spectrometry
measurements under outdoor conditions (NEMUS-UMW),
which was deployed at PoOSMO during summer and autumn
2025. The system consists of a bare thermal neutron detec-
tor, 6 polyethylene spheres with diameters of 3, 4, 5, 6, 8
and 101in., and four modified spheres with lead and copper
shells, recording contributions from low to high neutron en-
ergies. The central detection of (thermal) neutrons inside the
individual moderator sphere of each device was via spheri-
cal 3He-filled proportional counters of type SP9 (Centronic
Ltd., Croydon, UK), selected due to its low intrinsic back-
ground, which was systematically tested and quantified in
a “neutron-free” environment (underground laboratory UDO
II). Using unfolding procedures (Reginatto, 2010), and the
NEMUS-UMW response functions characterized and vali-
dated in the PTB’s neutron reference fields, and thus the re-
sulting unfolded neutron spectrum could be determined in

absolute terms, i.e. neutron fluence @ (E) in neutrons cm 2.

3.7 Ground-based reference measurements of
hyperspectral surface reflectance

For measurements of ground-based hyperspectral surface re-
flectance on 11 October 2022, a HYPSTAR®-XR unit was
installed at the ATB HYPERNETS site close to CRNS sta-
tion #11 (at 52°2759.40” N, 12°57’35.16” E), mounted on a
5m mast with a 5m horizontal boom, which was oriented
southward toward a bare soil surface to avoid obstructions in
the sensor’s field of view. The Hyperspectral Pointable Sys-
tem for Terrestrial and Aquatic Radiometry (HYPSTAR®) is
a two-axis, autonomous hyperspectral radiometer designed
to deliver multi-angular measurements of land and water
surface reflectance. The system acquired measurements ev-
ery 30 min between 09:00 and 17:00 UTC across a range of
zenith and azimuth angles until May 2024. It incorporated
two spectrometers: a VNIR unit covering 380—-1000 nm with
1330 channels at 3 nm full width at half maximum (FWHM),
and a SWIR unit covering 1000-1700 nm with 220 chan-
nels at 10nm FWHM. An onboard camera provided con-
textual imagery, while an internal LED source tracked cal-
ibration stability (De Vis et al., 2024; Goyens et al., 2021).
Data were transmitted to a central server and processed using
the hypernets_processor, a Python-based pipeline for
radiometric calibration, quality control, and computation of
radiance, irradiance, and surface reflectance. The system rig-
orously propagates both random and systematic uncertain-
ties, along with spectro-temporal covariance, ensuring that
the data meet Fiducial Reference Measurement (FRM) stan-
dards (European Space Agency, 2024). The dataset collected
includes raw and processed surface reflectance data as a com-
plete time series of angular hyperspectral surface reflectance
for a bare soil target under varying illumination and atmo-

Earth Syst. Sci. Data, 18, 1703-1727, 2026



1712

spheric conditions. It supports applications such as validation
of radiative transfer models and soil spectral analysis. Future
work shall explore the use of this dataset for estimating sur-
face soil moisture, using both empirical spectral indices and
physically based retrieval approaches. The dataset provides
also a valuable reference for validating airborne and satellite-
based remote sensing products, to improve the retrieval ac-
curacy of soil and vegetation parameters across scales. Ad-
ditionally, it can support the development and calibration of
radiative transfer and machine learning models for soil mois-
ture, surface condition, and land-surface process monitoring.

3.8 Airborne hyperspectral data

Hyperspectral data were not only observed at PoOSMO as
ground-based time series for a reference area (see Sect. 3.7),
but were accompanied by a dedicated airborne campaign on
5 September 2024, providing hyperspectral as well as Lidar
imagery. The former will be presented in this section, and the
latter in the following Sect. 3.9.

Airborne hyperspectral data were acquired during an aerial
survey campaign using two pushbroom imaging spectrom-
eters mounted aboard a Cessna 208B Grand Caravan air-
craft equipped with GNSS/IMU POS AV inertial naviga-
tion unit. These two sensors were a CASI-1500 (covering
the visible to near-infrared range, VNIR: 380-1050 nm) and
a SASI-600 (covering the shortwave infrared range, SWIR:
950-2450 nm), both manufactured by Itres, Calgary, Canada.
The native spatial resolution achieved was 25 cm for CASI-
1500 and 63 cm for SASI-600. The CASI sensor provided
15 spectral bands at an average spectral resolution of 38 nm,
whereas SASI delivered 100 bands with a spectral resolution
of 15nm. The survey consisted of two parallel flight lines,
each 375 m swath width.

Initial data pre-processing was conducted by CZglobe
(Czechglobe, the Czech Global Change Research Institute,
Department of flight activities). Radiometric calibration was
performed using the RadCorr software package, following
the procedures outlined in Hanu§ et al. (2023), and em-
ployed laboratory-derived sensor calibration parameters. Ad-
ditional corrections included scattered light correction, frame
shift smear correction, second-order light correction, and bad
pixel interpolation to ensure optimal signal integrity. Geo-
referencing was accomplished using a GNSS/IMU naviga-
tion system in combination with a high-resolution digital ter-
rain model (DTM), implemented within the GeoCor software
suite. The hyperspectral imagery was projected into the UTM
coordinate system (Zone 33N, ETRS-89 datum). Subsequent
atmospheric correction and reflectance retrieval were carried
out using ATCOR-4 (version 7.1) (Richter and Schlépfer,
2011). The algorithm employs the MODTRAN radiative
transfer model to correct for atmospheric effects and re-
trieve surface-level reflectance. The resulting reflectance val-
ues are stored as integer-scaled values, where a reflectance
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of 10.00 % is represented as 1000 (i.e., scaled by a factor of
100).

Following atmospheric correction, the VNIR and SWIR
datasets were spatially co-registered using the AROSICS
software (Scheffler et al., 2017). The registration process uti-
lized spectrally overlapping bands at 1004.8 nm (VNIR) and
1002.5 nm (SWIR) to ensure high alignment accuracy. The
overall registration error could be reduced from an RMSE
of 39 to 16 cm. Redundant overlapping bands were removed,
and the SWIR data were resampled to match the finer spa-
tial resolution of the CASI sensor (25 cm). The final dataset
was generated by mosaicking the two flight lines and saved
as Cloud Optimized GeoTIFF (COGQG), resulting in a geomet-
rically and radiometrically consistent hyperspectral cube for
subsequent analysis.

3.9 Airborne Lidar data

Airborne Lidar (ALS) data were captured using a Riegl LMS
Q-780 airborne full-waveform laser scanner mounted also
onboard the Cessna 208B (see Sect. 3.8). The site was cap-
tured in three strips, north-south orientation, flown in the
morning of 5 September 2024. The Riegl LMS Q-780 oper-
ates at a wavelength of 1064 nm with a laser pulse repetition
rate of up to 400kHz and a beam divergence of 0.25 mrad.
FOV was 60°. Flight height was 620 m and scan line width
was 710, 1190 and 1660 m. The captured strips have an aver-
age point density of 7.3 points m™2.

Strips were aligned using the RiPROCESS 1.9.2, RiU-
NITE, and GeoSysManager 2.2.4 software from RIEGL
Laser Measurement System GmbH. For the flight trajectory
calculations, the POSPac 8.7 software was used, followed
by trajectory conversion in the Riegl-POFImport 1.8 soft-
ware. After import into the RiProcess software, the refer-
ence surfaces were first searched automatically. This was
followed by the calculation of deviations between the same
reference surfaces on different lines, which then were mini-
mized while adjusting the trajectory parameters for each in-
dividual flight line. The laser data was then re-georeferenced
using the adjusted trajectories. The error (standard devia-
tion) of the scan data adjustment was 0.007 m (based on
120000 tie points). Data were georeferenced to the UTM
coordinate system (Zone 33N, ETRS-89 datum). The result-
ing laser data were exported as point clouds in las-format
(v1.4), including the so-called Riegl extra bytes, which asso-
ciate each point with the information from the full-waveform
analysis (amplitude and pulse width). The point density re-
sulting is 15.2 pointsm~2 in the co-registered point cloud.
Finally, noise was removed from the processed data using
LAStools software, and a classification (surface and terrain)
of the point cloud was performed.

As a result, a DTM (digital terrain model), DSM (dig-
ital surface model) and nDSM (normalized digital surface
model — elevation map) are provided as individual Geotiff
rasters with a spatial resolution of 0.25 m (an example shown
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in Fig. 3). The provided Lidar dataset includes flight strip
data (including amplitude, reflectance, pulse width) from the
Riegl LMS Q-780 in las-format as well as a mosaic of all
co-registered *.1az lines and 1000 m x 1000 m tiles.

3.10 Land use, cropping and irrigation

The neutron counts recorded by CRNS are influenced by hy-
drogen contained in vegetation. Likewise, remote sensing al-
gorithms require information on biomass for calibration. To
support a comprehensive comparison between remote sens-
ing products and CRNS measurements and enable a more
detailed analysis, we provide auxiliary information on crops
grown (e.g., winter wheat, maize, alfalfa, sunflower) on the
experimental plots at the fenced ATB site and the associ-
ated sowing and harvest dates. These data, supplied by the
ATB, complement the airborne Lidar dataset and improve the
characterization of above-ground hydrogen pools for future
CRNS analyses.

Several crops, including potatoes, maize, and spring
wheat, received irrigation during summer. The orchards
(cherry, apple, strawberries, wine grape) and blueberry plan-
tations were also irrigated routinely during spring and sum-
mer. All irrigation events (plots, date, amount) are included
in the dataset.

3.11  Snow cover campaign winter 2025

Snow cover at the research site is infrequent, with substan-
tial continuous snow cover during several days typically
occurring every 2-3 years. However, its occasional pres-
ence significantly influences the vertical soil water balance,
and affects the interpretation of CRNS signals. Additionally,
the surface’s spectral characteristics are either completely
masked or modified, making comprehensive documentation
of snow cover periods essential for remote sensing applica-
tions.

For the presented time span, three periods with persistent
snow cover occurred: 16-21 January 2024, 10-14 January
2025, and 13-21 February 2025 (end of periods £0.5d),
each of them with a few centimeters of snow depth. For
the third period (mid-February 2025) with depths reaching
a maximum of 6cm, a sampling campaign was conducted.
We recorded the temporal progression of snow cover using
a stationary wildlife camera (SECACAM HomeVista, Ven-
Trade GmbH, Koln, Germany) capturing images. The spa-
tial distribution and properties of the respective snow cover
were mapped using UAV-based RGB imagery with a Mavic
Pro (Da-Jiang Innovations Science and Technology Co., Ltd,
China) from a survey flight at 100 m flight altitude. The
imagery was mosaicked using Photoscan software (Agisoft
LLC, St. Petersburg, Russia) and geo-referenced to 20 cm
orthophotos provided by the Federal State of Brandenburg,
producing an RGB image with 3 cm ground resolution. Ad-
ditional manual snow sampling involved 240 measurements
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of snow depth using a ruler and 10 density measurements ob-
tained either through cylinder cores or by collecting all snow
from a specific area for subsequent weighing in the field.

3.12 Groundwater and lake levels

Groundwater levels data complement soil moisture observa-
tions as they capture the subsurface response to recharge and
storage changes, linking surface and vadose zone dynamics
with aquifer behavior. The depth to the groundwater table
at the western area of PoSMO increases from very shallow
near the lake in the west towards approximately 10 m be-
low ground in the east of the field site and water levels have
been monitored in two wells along the slope (see Fig. 2).
Additionally, between September 2022 and January 2025 the
lake level was monitored. The upslope well is located in the
vicinity of CRNS station #22 approximately at the middle of
the hillslope (ground elevation 36.17 m a.s.l.), the downslope
well close to CRNS station #2 (31.14ma.s.l.) and the lake
level is observed in a peripheral ditch in the vicinity of the
same CRNS station. The well pipes of 63 mm diameter have
a length of 2, 4 and 6 m for the lake, well #2 and well #22,
respectively. They are screened over a length of one meter
at the lower end, and pressure sensors (Hobo U20L, Onset,
Bourne, USA) were installed to record pressure and temper-
ature at a 30 min interval. In well #22, an additional sensor
recorded air pressure and temperature but had to be removed
because of sensor failure in May 2024. To correct for air pres-
sure variations after this time, air pressure recorded at the
CRNS sensors were utilized. Regular manual measurements
of the groundwater heads were used to validate the contin-
uous measurements and exclude a drift in the pressure sen-
sor measurements. Starting in September 2023, groundwater
was pumped regularly for sampling stable water isotopes (see
Sect. 3.13). The periods with artificial drop in water table re-
sulting from this sampling were excluded from the data set.

3.13 Stable water isotopes in soil and groundwater

Stable water isotopes (5°H and §'80) are widely used as
natural tracers of water transport processes in the critical
zone and across scales (Sprenger et al., 2019; Scandellari
et al., 2024). Tracking the isotopic signature of precipitation
through the soil profile enables qualitative and quantitative
assessment of the timing and spatial variability of infiltration
and percolation, and, together with soil moisture data, pro-
vides estimates of groundwater recharge (Canet-Marti et al.,
2023; Wang et al., 2023; Koeniger et al., 2016). To qualita-
tively assess vertical percolation rates and their spatial het-
erogeneity within PoSMO, we conducted three field cam-
paigns under contrasting hydrological conditions. In May
2023, during dry soil conditions, profiles at locations #2
and #22 were sampled on 24 May, and at locations #21
and #11 on 26 May; groundwater was sampled subsequently
on 31 May. No rainfall occurred between these dates, en-
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Figure 3. Illustration of the Lidar data as a height-colorized point cloud, with focus on the western area of PoOSMO (14 of 16 stations

included), retrieved on 5 September 2024; view from Southeast.

suring consistent conditions across sampling sites. In Jan-
uary 2024, following several days of snowfall and subse-
quent snowmelt, soil profiles at locations #2 and #22 were
sampled on 25 January, and at #21 and #11 on 26 January,
with groundwater sampled on the same day. In each cam-
paign, bulk soil samples were collected along the hillslope
at four locations (#2, #11, #21, and #22, see Fig. 2), cover-
ing the full soil depth from 0 to 150cm at 10 cm intervals.
To capture deeper infiltration of the January 2024 snowmelt,
soil and groundwater samples were collected at all locations
on 2 May 2024, and profiles at locations #21, #22, and #11
were extended to 200 cm for additional sampling. Groundwa-
ter isotopes were analysed from piezometers at locations #2
and #22, with additional samples collected opportunistically
between May 2024 and May 2025, generally about once per
month. During sampling, soil samples were sealed in Ziploc
bags (S. C. Johnson & Sons Inc., USA) to minimize evapo-
rative losses and groundwater samples were stored in 10 ml
vials. All samples were refrigerated until transport to the iso-
tope laboratory of BOKU University in Vienna (Austria) for
analysis of 6°H and §'30 (Stumpp et al., 2018). In the labo-
ratory, soil water isotopes were determined using the direct-
equilibration method (Wassenaar et al., 2008). The isotopic
ratios of the vapour of the soil samples as well as the isotopic
ratios of the groundwater samples were determined using a
Picarro L2130-i laser isotope analyser (Picarro Inc., Sunny-
vale, USA). The isotopic ratios of all samples are expressed
in 6%o units, which describe the relative difference in the ra-
tio of heavy to light isotopes in a water sample with respect
to VSMOW (Vienna Standard Mean Ocean Water). To better
interpret the isotopic signature profiles of the water, the vol-
umetric moisture content of the soil samples was also calcu-
lated. To do this, the gravimetric moisture of the samples was
multiplied by soil bulk density (py), using average values by
depth as measured earlier for these locations (Heistermann
et al., 2023).
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3.14 Soil saturated hydraulic conductivity in the root
zone

Saturated hydraulic conductivity (Kg,) governs water flow
through soil and controls key processes such as infiltration,
percolation and groundwater recharge, affecting both sur-
face and subsurface hydrology. In unsaturated flow situa-
tions, Kgy is also important, as it can be used in the esti-
mation of unsaturated hydraulic conductivity curves (Durner,
1994; Hohenbrink et al., 2023). Due to spatial variability in
soils, laboratory measurements on small soil cores often fail
to represent field-scale conditions, a limitation highlighted in
recent studies (Weber et al., 2024). Field measurements of
K1, by contrast, are considered to integrate over larger vol-
umes, capturing effects of macropores and heterogeneities,
and thus more accurately reflect the hydraulic response of
natural soils (Reynolds et al., 2000). Because PoSMO tar-
gets larger-scale soil moisture and hydrological processes,
we conducted field measurements of K, to assist in the as-
sessment of water fluxes at the site.

Kot was determined using a constant head permeameter
(a so called Amoozemeter), which measures infiltration rates
within an auger hole. During measurement, a constant hy-
draulic head was maintained in the hole while monitoring
the infiltration rate until steady-state flow was achieved. Ky
was then calculated using the Glover equation (Amoozegar,
1989). A total of 28 measurements were conducted across
different land uses, including grassland, orchards (cherry,
berry, and apple trees), arable crops, and hazelnut hedges.
Measurements were performed at depths of 12.5, 20 and
35cm in eight soil profiles, with four of these profiles ad-
ditionally sampled at 50 cm depth, following the methodol-
ogy described by Elrick and Reynolds (1992). Data were col-
lected between 6 January 2023 and 7 June 2024 under differ-
ent wetness conditions.
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3.15 Electrical Resistivity Tomography (ERT) Surveys

Two Electrical Resistivity Tomography (ERT) surveys were
conducted to provide a first overview of the deeper subsur-
face conditions at the western area of PoOSMO. The results
can provide information about stratigraphic layering and in-
homogeneities as well as the approximate groundwater table
depth, helping to understand variations in surface soil mois-
ture patterns. We used a Syscal ISIS system with 48 elec-
trodes (IRIS Instruments, Orléans, France) along two perpen-
dicular profiles: Profile 1 (A—A") with 5m electrode spacing
(235 m total length) and Profile 2 (B—B’) with 2.5m spac-
ing (117.5m total length; see Fig. 2) using a Wenner ar-
ray. Electrode positions including absolute elevations were
recorded with a Differential Global Position System (dGPS)
antenna (Leica Zeno GGO04, Leica Geosystems AG, Heer-
brugg, Switzerland) for topographic correction of the resis-
tivity data. The raw data sets from 16 November 2022 were
imported and filtered in ProSys II (IRIS Instruments, Or-
léans, France). The apparent resistivity pseudo section was
inverted in two dimensions using the open source GUI Re-
sIPy (Blanchy et al., 2020) on a fine triangular mesh with
convergence reached within two iterations.

3.16 CRNS stations with long-term operation

A subset of PoOSMO had been operated as a smaller CRNS
cluster at the ATB site Marquardt since 2019 (Heistermann
etal., 2023). Some of its CRNS stations were sustained, shal-
low point sensors added and integrated as part of the newly
established PoSMO design. These are CRNS stations marked
with bold IDs in Table 2, and the same holds for the accom-
panying soil moisture profile measurements. Thus, these sta-
tions provide time series from 1 September 2019 to 14 Oc-
tober 2025. For convenience of data users interested only in
this longer term data set, it is provided additionally as sep-
arate data files. The first three years of these time series
are based on neutron count rates and profile measurements
as provided in Heistermann et al. (2023). These data to-
gether with the more recent data, as a complete neutron count
time series, were consistently processed, corrected and cali-
brated according to Sect. 3.1.2 for CRNS and as described in
Sect. 3.3 for the soil moisture profiles.

4 External data

The following subsections describe datasets provided by
third parties, either previously published or available through
other sources. They are required to process CRNS data or
create maps and introduced here shortly for reference and
user convenience.
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4.1 DWD/ATB weather station

A climate station equipped with a heated tipping-bucket
rain gauge is situated in the north-eastern part of the ATB
site, as depicted in Fig. 2. The station records standard cli-
mate variables at an hourly resolution, including air tem-
perature, relative humidity, precipitation, soil temperature
at multiple depths (5, 10, and 30cm), and solar irradia-
tion, as well as wind speed and direction. The original data
are publicly accessible via https://www2.atb-potsdam.de/
Technologygarden/bsa_wetter.aspx (last access: 1 Septem-
ber 2025). While not part of the primary dataset, this dataset
offers valuable complementary information that may assist
readers in interpreting the presented observations. The ATB
operates another climate station at their main site in Potsdam-
Bornim, located about 5km south of PoSMO, and this
data is also available online at https://www?2.atb-potsdam.de/
Technologygarden/atb_wetter.aspx (last access: 1 September
2025). The nearest climate station operated by the Deutscher
Wetterdienst (DWD) is located at Telegrafenberg in Potsdam,
approximately 12 km south-east (station ID 03987). The cor-
responding data are publicly available through DWD’s open
data repository (DWD, 2025).

4.2 Incoming Neutron Flux

The incoming cosmic-ray neutron flux is provided by the
Neutron Monitor Database at http://www.nmdb.eu (last ac-
cess: 14 October 2025). In accordance with previous studies
by Hawdon et al. (2014); Baatz et al. (2015); Jakobi et al.
(2018); Baroni et al. (2018), the Jungfraujoch (JUNG) neu-
tron monitor is recommended for correcting the incoming
neutron flux at PoOSMO. Recent approaches account more
explicitly for the geomagnetic cut-off rigidity and shielding
depth of the atmosphere at the measurement site in relation
to different neutron monitors of the data base and promise to
be more accurate (McJannet and Desilets, 2023).

4.3 Other spatial data and maps

A digital elevation model (DEM) with a resolution of
1 m x 1 mis available for download from the Landesvermes-
sung und Geobasisinformation Brandenburg (LGB) website
at https://geobroker.geobasis-bb.de (last access: 1 September
2025), with an accuracy of 30 cm. Additionally, a soil map
from the state of Brandenburg, BUEK300 (Kiihn, 2002), pro-
vides soil types and texture data beyond the PoOSMO area at
a scale of 1:300000 and is publicly accessible through the
Brandenburg Geoportal at https://geoportal.brandenburg.de
(last access: 1 September 2025). For fieldwork and visu-
alization purposes, we utilized OpenStreetMap data layers,
which are available for download from the Geofabrik web-
site at http://download.geofabrik.de (last access: 1 September
2025). Specifically, we employed the land use, waterways,
and traffic ways data layers (OSM data OpenStreetMap con-
tributors, 2025, distribution under ODbL license).
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Figure 4. CRNS-derived daily volumetric water content (VWC) time series of PoSMO, arranged from west to east according to station
positions. Arrows above the time series indicate periods of snow cover, which influence neutron counts and can lead to an apparent increase

in retrieved soil moisture.

5 Exemplary views of the data set

5.1 Examples of CRNS-derived root-zone soil moisture

The data set presented and described here can contribute
to understand soil moisture spatial patterns and related soil
moisture dynamics at the plot- to landscape-scale, especially
within the top decimeters of soil. However, the merit of the
PoSMO data goes beyond that, as these data close the spa-
tial gap between point observations — or even soil moisture
in-situ networks — and larger scale observations and model-
ing. In particular, remote sensing can use the data as refer-
ence for soil moisture related products, because they provide
especially high representativity compared to other mixed-
land use reference sites used for calibration and validation.
For this purpose, PoOSMO was established at the km?-scale
(which corresponds to the typical resolution of current hy-
drological or also land-surface models). Thus, suitable grid
cells of remote sensing products or distributed land surface
models could be adequately compared, assimilated or used
for validation, as has been done with stand-alone CRNS al-
ready (e.g., Baatz et al., 2017; Fatima et al., 2024). Figure 4
presents a comprehensive overview of the soil moisture time
series data from December 2023 to October 2025. The tem-
poral dynamics of the 16 locations exhibit consistent patterns
over time, but also differences in soil moisture across the site
are evident in respect to absolute values as well as dynamics.
As a simple way of ordering, the CRNS stations have been
listed according to their position, from west to east. This heat
map reveals five major dry spells (occurring in summer 2024
and summer 2025, with CRNS soil moisture below 15 % for
all stations) and long wet conditions during winter including
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one snow cover period in January 2024 and two snow cover
periods in January to February 2025 (see also Sect. 3.11).
Figure 5 illustrates the soil moisture dynamics of CRNS
sensors and dielectric sensors as a response to rainfall, ex-
emplarily for July 2024 and July 2025. Inherent to the non-
invasive measurement the effective integration depth (D86)
of CRNS-sensors varies to some degree with soil moisture,
for these two summer months between about 20 and 40 cm,
and stays around 30cm as mean across the CRNS cluster
(panel c), while CRNS-derived VWC values ranged between
about 5 % and 25 % . The D86-estimate presented here is de-
rived from the independently measured point-scale soil mois-
ture profiles (all sensing depths) rather than from CRNS-
derived soil moisture alone. The depth weighting procedure
for point-scale data is described in detail by Schron et al.
(2017) and involves an iterative estimation of point-scale av-
erage VWC, effective sensing depth D86 and CRNS appar-
ent soil moisture (see their Sect. 2.3). By explicitly account-
ing for the shape of the soil moisture profile (and all sens-
ing depths), our approach addresses an an important con-
trol on CRNS-derived soil moisture estimates (Baroni et al.,
2018), which is not captured when relying solely on CRNS-
derived soil moisture values (cf. Appendix A in Schron et al.,
2017). Due to small-scale heterogeneity and uncertainty in
quantitative estimates from the dielectric sensors, however,
the daily estimate of the integration depth based on a single
soil moisture profile might not be fully representative for the
respective CRNS footprint. During the full time frame and
across all PoSMO stations, the effective integration depth
estimates varied between 15 and 46 cm (on average 25 cm).
This illustrates the representativeness of CRNS for root-zone
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soil moisture (RZSM). While the overall dynamics of the
CRNS-derived soil moisture time series is most comparable
to those of the 5 and 10 cm soil layers (Fig. 5), the CRNS
measurements have a higher responsiveness to small rainfall
inputs, as CRNS is also detecting soil moisture in the soil lay-

https://doi.org/10.5194/essd-18-1703-2026

ers shallower than 5cm, which cannot reliably be captured
with point-scale sensors. Additionally, the range of absolute
values of both CRNS- and dielectric sensors for any given
time suggests that there is considerable spatial heterogeneity,
which calls for spatially aggregating measurement methods

Earth Syst. Sci. Data, 18, 1703-1727, 2026
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for each CRNS sensor. VWC was interpolated onto a 2m grid (details see text). Map data based on OpenStreetMap (© OpenStreetMap

contributors, 2025, distribution under ODbL license).

such as CRNS. A fair and direct comparison between CRNS-
derived and point-scale soil moisture can be achieved either
by vertically “unweighting” the CRNS data, to make it com-
parable to a depth-averaged soil moisture profile (Scheiffele
et al., 2020), or by applying depth scaling methods such as
the exponential filter (Franz et al., 2020; Rasche et al., 2024),
which can interpolate the different soil moisture data to the
same nominal depths.

The spatial distribution of CRNS soil moisture is shown
exemplarily in Fig. 6 for 8 September and 24 November 2024
during relatively dry and moist conditions, respectively. Spa-
tial interpolation on a 2m grid shows an initial impression
of the soil moisture distribution for specific days. For this
visualization only, inverse distance weighting was applied,
treating each CRNS station as a point measurement. How-
ever, due to the large horizontal footprint of CRNS, more
robust interpolation approaches should account for the sen-
sors’ horizontal sensitivity, as demonstrated in Heistermann
et al. (2021).

Soil moisture estimates derived from CRNS data are sus-
ceptible to several sources of uncertainty, including correc-
tions on neutron counts and the influence of hydrogen con-
tained in vegetation. These effects are only implicitly in-
cluded in the soil moisture product provided here through
the local calibration procedure (Sect. 3.1.2 and 3.2). Conse-
quently, the soil moisture product presented in this dataset
should be regarded as an estimate that can be further re-
fined as correction approaches advance. For example, the
most recent method for correcting the incoming neutron flux
by Mclannet and Desilets (2023) scales the dynamics of the

Earth Syst. Sci. Data, 18, 1703-1727, 2026

neutron monitor time series to the theoretical dynamics at
the CRNS site using the geomagnetic cut-off rigidity and
shielding depth of the atmosphere. This approach has been
shown to outperform earlier methods by Zreda et al. (2012)
and Hawdon et al. (2014), as demonstrated in Schron et al.
(2024); Hertle et al. (2025); McJannet et al. (2025). Like-
wise, a more explicit consideration of biomass and its tem-
poral dynamics could reduce biases and improve the robust-
ness of CRNS soil moisture estimates (Jakobi et al., 2022),
and recent research suggests that combined measurements
of epithermal and thermal neutron detectors may even al-
low biomass estimation (Brogi et al., 2025). Nevertheless,
the CRNS-derived soil moisture provided here constitutes a
valid and representative estimate of root-zone soil moisture,
including the most dynamic soil-plant-atmosphere interac-
tions (root density typically highest within the upper 40 cm
of the soil profile (Schenk and Jackson, 2002)) and thus the
zone of strongest temporal variability in soil moisture and
water fluxes.

5.2 Examples subsurface properties

Soil bulk density information is important for calibrating
dielectric soil moisture sensors and within the functions to
transfer neutrons to soil moisture (Sect. 3.2). Extensive mea-
surement efforts at the experimental site allowed to generate
interpolated maps of bulk density distribution for the top soil
layer, as shown in Fig. 7a, revealing some local variations
across the site, though larger parts have similar values.

https://doi.org/10.5194/essd-18-1703-2026
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Figure 7. (a) Average soil dry bulk density (g ecm™3) in the top 30cm of the soil, across the western area of the Potsdam Soil Moisture
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OpenStreetMap (© OpenStreetMap contributors, 2025, distribution under ODbL license). (b) ERT profiles of electrical conductivity in two
transects at the hillslope part of POSMO (A-A’ from west to east, B—B’ from north to south, see Fig. 2).

A small case study assessed the impact of agricultural
practices on temporal variation of bulk density by sampling
soil before and after harvest at one of the larger agricultural
fields. No significant effect was detected: bulk density did not
differ significantly before and after harvest or tillage (Tukey’s
test, @ = 0.05). Given the absence of detectable temporal
changes, all measurements were merged into a single dataset.
Based on 152 soil cores, bulk density values ranged from
1.10 to 1.47 gecm™3, with a mean of 1.30 gcm ™3 and a stan-
dard deviation of 0.12 gcm ™.

Figure 7b shows the first results of the ERT survey at
the field site (see Sect. 3.15 and locations of cross sec-
tions in Fig. 2). The zones of highest electrical conductiv-
ity shown in the inverted pseudsections approximately coin-
cided with the depth of the groundwater table, as indicated
from the monitoring wells (Sect. 3.12). Inferring deeper soil
water storage from conductivity patterns would require time-
lapse ERT measurements and/or higher-resolution shallow
surveys, combined with independent calibration using pro-
file soil moisture data.

https://doi.org/10.5194/essd-18-1703-2026

5.3 Examples neutron spectrometer

Since 18 June 2025, the extended range BSS system has been
operated at PoOSMO close to CRNS station #31 until 4 De-
cember 2025. We obtained time series of neutron intensities
for different energies, and are able to provide daily neutron
spectra. Figure 8 shows time series for the neutron count rates
of the individual detector spheres, indicating also daily pre-
cipitation and highlighting neutron spectra for four particular
days. The first two were obtained on 8 and 9 July 2025, prior
to a precipitation event around 12 July 2025, and the other
two on 14 and 15 July 2025, after about 30 mm of cumulated
rain has been received. The resulting neutron spectra provide
detailed information about the energy distributions of neu-
trons detected on site. The character of the neutron spectrum
is the same before and after the precipitation event, but there
occurred a decrease of neutron fluence in the epithermal and
fast range, while the high-energy parts of the neutron dis-
tribution, i.e. the incoming neutron intensity, remained un-
changed. This change in the neutron distribution induced by
the precipitation event can be attributed to the increase of
soil moisture in the first decimeters of soil (cf. Fig. 5, right

Earth Syst. Sci. Data, 18, 1703-1727, 2026
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Figure 9. Example of Copernicus Sentinel-1 relative Surface Soil Moisture (SSM), in % saturation for Northern Germany on 25 April 2024
(left) (Basemap Imagery by ESRI, Maxar Technologies, CNES | Powered by ESRI). Zoom into the PoOSMO area, with dots indicating an
individual cluster location with CRNS, SMT100 and soil moisture profile each (right); pixel size is 1 by 1 km; the black outline marks area
of similar land use and soil type, as represented by PoOSMO (see Fig. 1).

graph). This reflects the mechanism underlying the CRNS
observation of root-zone soil moisture via the detection of
epithermal neutron intensities. Furthermore, it demonstrates
the potential of an extended range BSS system to character-
ize the incoming neutron component and a future develop-
ment of a local, observation-based incoming correction.

5.4 Examples remote sensing

PoSMO provides carefully compiled, high-resolution soil
moisture time series, including standardized metadata and
documentation. This dataset facilitates the cross-validation
and uncertainty assessment of the increasing number of high
resolution (e.g. 1km) soil moisture products derived from
downscaled coarse-resolution remote sensing microwave
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sources or reanalysis data, as well as from active microwave
sources (Fan et al., 2025).

As an example, Fig. 9, on the left, shows the Coper-
nicus relative Surface Soil Moisture (SSM), derived from
Sentinel-1 constellation covering the Potsdam Observatory.
The Copernicus surface soil moisture product represents an
index of saturation that can be converted into volumetric wa-
ter content by multiplying it by the soil porosity. On the
right, the figure zooms in on the PoOSMO locations, highlight-
ing the product’s 1km pixels. The larger support volume of
each CRNS together with the relatively dense distribution of
CRNS within the 3.4km? area of similar land use and soil
type, enhances comparisons between remote sensing prod-
ucts and reference soil moisture data. Although the clustered
layout does not provide uniform spatial coverage, the multi-

https://doi.org/10.5194/essd-18-1703-2026
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sensor information helps reduce local sampling uncertainty
and improves the overall representativeness of the ground ob-
servations for validation.

6 Data availability

For data sharing and archiving we used the EUDAT Col-
laborative Data Infrastructure (https://eudat.eu, last access:
25 August 2025). The data resides on the B2Share server
at https://doi.org/10.23728/b2share.bxamy-4zh85 (Grosse
et al., 2025). Its structure corresponds to the subsections of
Sect. 3 of this paper. Each data subset is accompanied by a
metadata text file (JSON format), offering additional details
on the data format, units, column descriptors and remarks.

7 Conclusions

In conclusion, the Potsdam Soil Moisture Observatory
(PoSMO) dataset provides a unique, multi-scale and long-
term record of soil water dynamics under agricultural man-
agement. By combining CRNS-based soil moisture, pro-
file and shallow in-situ measurements, groundwater obser-
vations, hydraulic and physical soil properties, stable water
isotopes, and complementary remote sensing and hyperspec-
tral information, the dataset offers a comprehensive basis for
validation of large-scale soil moisture products as well as for
the development, calibration, and validation of process-based
hydrological models. The spatial density, temporal continu-
ity, and multidisciplinary character of this dataset make it a
robust reference for hydrological research, such as studies of
land—atmosphere exchange or drought monitoring, and for
transferring insights to comparable lowland agricultural re-
gions.
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