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Abstract. Monitoring soil moisture is still a challenge: it varies strongly in space and time and at various scales
while conventional sensors typically suffer from small spatial support. With a sensor footprint up to several
hectares, cosmic-ray neutron sensing (CRNS) is a modern technology to address that challenge.

So far, the CRNS method has typically been applied with single sensors or in sparse national-scale networks.
This study presents, for the first time, a dense network of 24 CRNS stations that covered, from May to July 2019,
an area of just 1 km?: the pre-Alpine Rott headwater catchment in Southern Germany, which is characterized by
strong soil moisture gradients in a heterogeneous landscape with forests and grasslands. With substantially over-
lapping sensor footprints, this network was designed to study root-zone soil moisture dynamics at the catchment
scale. The observations of the dense CRNS network were complemented by extensive measurements that allow
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users to study soil moisture variability at various spatial scales: roving (mobile) CRNS units, remotely sensed
thermal images from unmanned areal systems (UASs), permanent and temporary wireless sensor networks,
profile probes, and comprehensive manual soil sampling. Since neutron counts are also affected by hydrogen
pools other than soil moisture, vegetation biomass was monitored in forest and grassland patches, as well as
meteorological variables; discharge and groundwater tables were recorded to support hydrological modeling
experiments.

As a result, we provide a unique and comprehensive data set to several research communities: to those who
investigate the retrieval of soil moisture from cosmic-ray neutron sensing, to those who study the variability of
soil moisture at different spatiotemporal scales, and to those who intend to better understand the role of root-
zone soil moisture dynamics in the context of catchment and groundwater hydrology, as well as land—atmosphere
exchange processes. The data set is available through the EUDAT Collaborative Data Infrastructure and is split
into two subsets: https://doi.org/10.23728/b2share.282675586fb94f44ab2fd09da0856883 (Fersch et al., 2020a)

and https://doi.org/10.23728/b2share.bd89f066c26a4507ad654e994153358b (Fersch et al., 2020b).

1 Introduction

1.1 The relevance of soil moisture observation

Soil moisture is a key state variable of the Earth’s envi-
ronmental system, controlling various processes at various
scales: the exchange of water and energy between the land
surface and the atmosphere, runoff generation and ground-
water recharge, vegetation development and growth in natu-
ral and managed systems, or the release of greenhouse gases
from soils.

But while soil moisture is a much desired quantity in re-
search and applications, its observation remains a challenge
(Beven et al., 2020; Ochsner et al., 2013). Numerous tech-
niques exist for measuring soil moisture at specific points in
space, including vertical profiles, such as time domain reflec-
tometry (TDR), frequency domain reflectometry (FDR), and
soil sampling. While these techniques all have specific un-
certainties and limitations — including even the benchmark
standard technique of thermogravimetry — they share one
fundamental limitation: the uncertain spatial representative-
ness. This shortcoming results from the small support vol-
ume (footprint of the measurement in the order of centime-
ters) in combination with the strong and potentially abrupt
variation of soil moisture in space (Bloschl and Grayson,
2000). This issue can be overcome by very dense in situ sen-
sor networks (see, e.g., Bogena et al., 2010). At the other end
of the scale continuum, remote sensing techniques allow for
a higher spatial coverage and a volume- or area-integrated
measurement approach. Wang and Qu (2009) and Mohanty
et al. (2017) provide an overview of techniques based on
optical, thermal, passive microwave, and active microwave
measurements. Yet, apart from the fact that these are indirect
observations and are thus inherently uncertain, they typically
have limited (and often imprecisely characterized) penetra-
tion depths that cannot be assumed to be representative of
the root zone. Over densely vegetated terrain the uncertainty
of these remote sensing techniques increases. Furthermore,
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both airborne and spaceborne remote sensing of soil mois-
ture often come along with infrequent measurement intervals
due to a limited overpass frequency.

1.2 Cosmic-ray neutron sensing of soil moisture

Cosmic-ray neutron sensing (CRNS) is a modern measure-
ment technique to close the scale gap in soil moisture ob-
servation. According to simulations by Kohli et al. (2015),
the sensor can provide volume-integrated soil moisture esti-
mates with an exponentially shaped horizontal footprint of
hundreds of meters (the plot scale) and a vertical footprint
of tens of centimeters, corresponding to the upper root zone.
Bogena et al. (2013) and Schrén et al. (2018a) showed that
the temporal resolution of standard detectors is in the range
of 3 to 12 h and strongly depends on the detector technology
used. The principles of the CRNS method were introduced
about 12 years ago by Zreda et al. (2008), followed by De-
silets et al. (2010), who presented the first results using mo-
bile measurements and a conversion procedure to obtain soil
moisture. Zreda et al. (2012) presented a complete overview
over the method and the then newly established CRNS net-
work in the USA. Andreasen et al. (2017) published a short
synthesis of recent advancements in CRNS at that time, but
soon afterwards important updates with respect to snow de-
tection (Schattan et al., 2017) and road effects on roving
CRNS measurements (Schron et al., 2018b) were published.

The CRNS sensor is sensitive to the ambient density of
neutrons in the near-surface atmosphere. The main source of
cosmic-ray-induced neutrons exhibits energies between 10°
and 10° eV (Kohli, 2019). Their interaction in the ground
leads to neutrons in the energy range of 1072 to 107 eV,
of which epithermal neutrons (1—105 eV) are most sen-
sitive to hydrogen and water (Zreda et al., 2012; Kohli
et al., 2015). Hence, standard CRNS sensors are equipped
with a polyethylene shield that reduces the thermal neu-
tron (< 1eV) fraction and slows down faster neutrons to de-
tectable energies (Kohli et al., 2018). Some CRNS sensors
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employ an additional “bare” counter which is sensitive to
thermal neutrons only.

To date, a wide range of neutron detectors optimized for
soil moisture monitoring exist, and these use various gases
or coating materials for neutron detection. An overview of
detectors used in our field campaign is provided in Sect. 3.4.
For a detailed description of the technical components that
make up standard CRNS units, including detector, telemetry,
and additional atmospheric sensors, the reader is referred to
Zreda et al. (2012) and Schrén et al. (2018a).

The intensity of detected neutrons is mainly controlled by
the interaction with hydrogen pools in the sensor footprint, of
which soil moisture is typically the most important, though
not the only one. A standard approach to estimate the gravi-
metric (Ogryv) or volumetric soil moisture (6yo1, often referred
to as 0) from epithermal neutron count rates N is to use the
transfer function proposed by Desilets et al. (2010):

ao Ob
egrv = N/No—a az, Oy = ow : egrv- (D

In that form, the transfer function requires the calibration
of parameter Ny once, in order to take the specific measure-
ment conditions into account. The value not only depends on
the local terrain features, soil moisture heterogeneity, and in-
strumental sensitivity (Schron et al., 2018a), but also on the
local prevalence of other hydrogen pools, such as vegetation,
litter, soil organic carbon, and lattice water (Andreasen et al.,
2017). The parameters ag, a1, and a> have proved to be ro-
bust in their original formulation across multiple CRNS sites
(Desilets et al., 2010; Evans et al., 2016; Schron et al., 2017,
among others), while few locations apparently work better
with different values (Rivera Villarreyes et al., 2011; Iwema
et al., 2015; Heidbiichel et al., 2016). Soil bulk density op
(kgm~3) needs to be measured or estimated locally, while
the density of water, o, can be assumed to be 1000 kg m3,

The calibration of N requires the availability of soil mois-
ture observations within the horizontal and vertical footprint
of the sensor. Schron et al. (2017) have synthesized the state-
of-the-art methodology on how to make use of distributed
point-scale soil moisture measurements for sensor calibra-
tion and proposed adequate sampling designs.

Yet, calibration can only account for the effect of static
hydrogen pools at a specific point in time, while hydrogen
pools such as vegetation are typically dynamic. In addition,
the collection and processing of soil samples for measuring
thermogravimetric soil moisture are particularly labor inten-
sive.

One of the challenges in using CRNS for soil moisture
observation is thus to separate the part of the signal that is
related to soil moisture from those parts affected by other
hydrogen pools such as vegetation and soil organic carbon
(Baatz et al., 2015; Andreasen et al., 2017; Jakobi et al.,
2018). Further prerequisites include the correction of atmo-
spheric effects such as air pressure, air humidity, and fluctu-
ations of incoming neutron radiation (Rosolem et al., 2013;
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Schron et al., 2016; Hawdon et al., 2014), as well as a bet-
ter, physically based understanding of the spatial sensitivity
of the neutron sensors, both vertically and horizontally, and
how it is influenced by dynamic environmental conditions in
the footprint (Kohli et al., 2015; Schron et al., 2017; Schattan
etal., 2019).

While the horizontal footprint of a single CRNS sensor al-
ready exceeds the spatial support of conventional techniques,
further attempts have been made to enhance the spatial cov-
erage such as roving CRNS and networks of CRNS sensors.
The term roving CRNS stands for the utilization of mobile
CRNS sensors to increase the spatial extent of soil mois-
ture measurements. It has been recognized as a promising
approach to increasing the spatial scale (see, e.g., Chrisman
and Zreda, 2013). Within a CRNS roving campaign, the sen-
sor unit is moved (e.g., by car) within the area of interest in
order to explore the catchment-scale wetness conditions and
related spatial patterns (Dong et al., 2014; Franz et al., 2015;
MclJannet et al., 2017; Schron et al., 2018b). Under suitable
conditions, up to hundreds of square kilometers may be cov-
ered in a single day. This coverage makes CRNS roving an
ideal method for closing the critical scale gap in soil mois-
ture monitoring toward the scale of small to medium catch-
ments. However, roving relies on campaign-based measure-
ments and thus produces snapshots only. As roving requires
neutron measurements with much higher temporal resolution
(in the order of minutes), a CRNS rover usually consists of
several larger detectors, resulting in an increase in achiev-
able neutron count rates compared to stationary applications.
In this context, an increase in detector sensitivity would con-
stitute a promising perspective: obviously, the potential to in-
crease the signal-to-noise ratio by integrating neutron counts
over time is limited if the sensor is mobile (Jakobi et al.,
2020).

In contrast, networks of CRNS sensors operate multiple
stationary CRNS sensors. Some initiatives have established
national CRNS monitoring networks with the aim of sup-
porting environmental monitoring at larger scales. These net-
works are being implemented under the acronym of COS-
MOS (the COsmic-ray Soil Moisture Observing System).
The first network was established in the USA by the Uni-
versity of Arizona and has already deployed more than 60
CRNS sensors at various locations across the USA (Zreda
et al., 2012). The Australian network was supported by the
CSIRO research institute and consists of nine sensors dis-
tributed across the continent under different environmental
conditions (Hawdon et al., 2014). A network has also been
established in the United Kingdom by the UK Centre for
Ecology and Hydrology (CEH) (Evans et al., 2016). Simi-
lar initiatives have been started in Kenya and India (Montzka
et al., 2017). Yet, these networks aim at distributing single
CRNS sensors at a national scale, similar to the idea of cli-
mate stations, providing localized measurements in a sparse
network that spans large scales.

Earth Syst. Sci. Data, 12, 2289-2309, 2020
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To better cover the spatial and temporal scales, the com-
bination of both stationary and roving approaches has been
explored (Chrisman and Zreda, 2013; Franz et al., 2015): a
limited number of stationary sensors have been used to detect
the temporal dynamics while roving surveys have provided
the means for extrapolation and interpolation beyond the sta-
tionary sensors. Despite the promising results, many chal-
lenges have been identified due to the heterogeneity of land
surface conditions and the validity of assumptions that gov-
ern the integration of roving CRNS data, which are sparse in
time, with stationary CRNS data, which are sparse in space.

1.3 The Cosmic Sense joint field campaign in 2019

The Cosmic Sense research unit, funded by the German Re-
search Foundation (DFG), addresses the above challenges in
a concerted effort with a consortium of eight German partner
institutions. In this context, one component of the Cosmic
Sense project is the targeted joint operation of a large num-
ber of CRNS sensors in a dense observational network. The
scientific aims behind these joint field campaigns (JFCs) are

— to systematically explore, at the landscape level, the ef-
fect of heterogeneity of soil and vegetation in the CRNS
footprint on the neutron signals;

— to investigate the consistency of signals obtained from
CRNS sensors of different manufacturers and sensitivi-
ties;

— to monitor water storage in the root zone, as the most
dynamic storage component in a catchment, and to pos-
sibly assimilate these observations in a hydrological
model;

— to establish a network with overlapping horizontal
CRNS footprints in order to investigate the potential of
constraining soil moisture estimates in space and time
and thus to establish space—time representations of soil
moisture at a resolution higher than the resolution of a
single sensor;

— to better understand the influence of hydrogen pools
other than soil moisture on the CRNS signal and to de-
velop corresponding correction procedures; and

— to evaluate the relation between the spatial and tempo-
ral dynamics of CRNS footprints and thermal infrared
remote sensing imagery.

As mentioned in the previous section, networks of a large
number of CRNS sensors have been established before; how-
ever, as sparse national-scale networks they are not geared
towards the scientific subjects elaborated above. Hence, the
joint operation of 24 CRNS sensors that took place from
early May to late July 2019 is unprecedented in its scope
as it features a large number of detectors in an area of just
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1 km?, characterized by pronounced soil moisture gradients
and heterogeneous land cover. The CRNS monitoring net-
work was complemented by various observational techniques
including CRNS roving, thermal imaging from unmanned
aerial systems (UASs), multiple FDR sensor networks (Soil-
Net clusters), and profile probes, as well as manual measure-
ments with FDR probes and thermogravimetry; and, finally,
the CRNS network was embedded in an established long-
term observation infrastructure (TERENO, Terrestrial Envi-
ronmental Observatories, Zacharias et al., 2011) and multi-
ple synchronous observational campaigns (MOSES, ScaleX,
see Sect. 4.1) that focused on water and energy fluxes in the
atmospheric boundary layer. The observational period from
late spring to midsummer was characterized by pronounced
soil moisture dynamics, starting out from fully saturated con-
ditions after persistent heavy rainfall, followed by more than
2 months of drying occasionally interrupted by brief but in-
tense rainfall events.

In this paper, we present this unique data set as a
contribution to the CRNS community but also to those
researchers interested in exploring the potential of dense
volume-integrated soil moisture observations from a hydro-
logical perspective. The data set was split into two subsets
and is freely available from EUDAT at https://doi.org/
10.23728/b2share.282675586fb94f44ab2fd09da0856883
(Fersch et al., 2020a) and https://doi.org/10.23728/b2share.
bd89f066c26a4507ad654e994153358b  (Fersch et al.,
2020b).

We start by providing a detailed overview and justification
of the choice of the study area (Sect. 2). Section 3 constitutes
the core of this paper: the presentation of the data collected
as part of the JFC. Section 3.1 gives an overview of the var-
ious components, Sect. 3.2 documents the underlying data
model, and the subsequent sections describe these data sets
in more detail. Section 4 outlines relevant data from third par-
ties which where not collected as part of the JFC and are not
part of this data publication. As this paper is about the presen-
tation of the data set, we will not provide any further analysis
or interpretation. However, in Sect. 5, we will illustrate how
the neutron count rates of stationary and roving sensors can
be used to represent temporal soil moisture dynamics at the
catchment scale, including the areal average of soil moisture
and its variability in space. Based on that example, Sect. 7
will conclude by outlining the potential of the presented data
set.

2 Study site

In the selection process for the field campaign’s study lo-
cation the requirements of the different involved research
projects needed to be reconciled. Important criteria were
long-term climate and soil moisture observations, contiguous
land cover, good accessibility by foot and car for the mobile
applications, a substantial fraction of nonforested area for the

https://doi.org/10.5194/essd-12-2289-2020
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Figure 1. The Rott headwater catchment in Fendt near Peiflenberg,
Bavaria, Germany: the map shows the most important features of
the study area and the JFC. In terms of land use, we only highlight
the forested area and a patch of cropland — the remaining parts are
mainly meadows or grassland, with some scattered settlements —
as well as roads and streams. In terms of instrumentation, we fo-
cus on showing the locations of the CRNS sensors with a 150 m
radius as a typical footprint size for a medium level of soil mois-
ture (Schron et al., 2017), the climate station, and soil moisture pro-
files from SoilNet nodes and manual sampling on 25-26 June 2019.
Basemap data are from OSM (OpenStreetMap contributors, 2020);
see Sect. 4.4.

remote sensing (UAS) campaigns, shallow and time-variable
groundwater levels, and a self-contained hydrological catch-
ment to enable hydrological modeling. With the 1 km? Rott
headwater catchment (Fig. 1), part of the pre-Alpine terres-
trial environmental observatory (TERENO Pre-Alpine Ob-
servatory, Kiese et al., 2018) of the Helmholtz Association,
we identified a suitable candidate. The TERENO Pre-Alpine
Observatory is situated about 50 km southwest of Munich,
Bavaria, Germany, and encompasses the 600 km?> Ammer
and the 55 km? Rott watersheds.

The Fendt site of the TERENO Pre-Alpine Observatory
(595ma.s.l.) is located in the Rott headwater catchment. In
the area, several multi- and interdisciplinary campaigns as
well as some long-term ecological experiments have been
carried out over the past years (e.g., SCALEX, Wolf et al.,
2016; Kiese et al., 2018). Time-limited campaigns such as
the JFC of Cosmic Sense can help to complement the long-
term observations at the TERENO Pre-Alpine Observatory
locations, whereas on the other hand they can build on pre-
existing knowledge and measurements.

https://doi.org/10.5194/essd-12-2289-2020
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The younger morphodynamics of the region were gov-
erned by glacial and post-glacial processes of the Quaternary.
The shallow, U-shaped valley of the Rott was carved into
older sediments (molasse) by the Isar-Loisach glacier about
25000 years ago, and this was followed by kettle lake sed-
imentation and fluvial erosion processes. Whereas towards
the side slopes of the valley gravels mixed with loamy and
silty fractions are predominant, we find mainly silty and
loamy sediments at the lower elevations with peaty composi-
tions towards the draining rivulet (Fersch et al., 2018).

In the Rott headwater catchment, between the deeper Ter-
tiary (molasse) and the Quaternary sedimentation layers,
shallow aquifers have formed with hydraulic heads that range
between 4 and 0.2 m below ground from the margins to the
center of the headwater catchment. The prevalent soil class
is Cambic Stagnosol, which originated from the glacial par-
ent material. Typical clay, silt, and sand fractions are 32 %,
41 %, and 27 % (Kiese et al., 2018). We present a description
of soil properties including bulk density, lattice water con-
tent, organic matter, and texture for composites in Sect. 3.8.
As can be seen from Fig. 1, the land cover of the headwater
catchment consists mainly of grassland, with some wetter re-
gions along the creeks of the northern part and a forest on the
eastern slope consisting of stands of coniferous or deciduous
species with heterogeneous age.

The boundaries of the Rott headwater catchment were
delineated according to the surface topography (DEMI
1 m x 1 m, https://www.ldbv.bayern.de, last access: 16 April
2019). For the subsurface (groundwater) we assume addi-
tional contributions from the adjacent hillslopes to the west.

3 Methods and data

3.1 Overview

This section describes the measurements conducted during
the campaign. Other complementary data are described in
Sect. 4.

The core innovation and overall motivation of this data set
is the use of a dense network of 24 CRNS sensors in a study
area of roughly 1km?. These instruments of various types
and their key observational variables are described in Table 2.

Around this core data set we carried out various measure-
ments that are required to utilize, study, and evaluate ob-
served neutron counts from the CRNS network for the pur-
pose of soil moisture retrieval: meteorological observations
(Sect. 3.3); soil properties and soil moisture measurements
for calibration and validation, obtained at selected points and
various depths using different techniques (Sect. 3.8); CRNS
roving data (Sect. 3.6) and remotely sensed thermal images
(Sect. 3.10), both from several campaigns in order to obtain
additional information on soil moisture variability in space;
and measurements and estimates of aboveground biomass
(Sect. 3.9) in order to account for the corresponding hydro-
gen pools in the CRNS data analysis.

Earth Syst. Sci. Data, 12, 2289-2309, 2020
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3.2 Data formats

The data presented in this study consist, for large parts, of
time series data recorded at well-defined, sparse, and static
points in space (e.g., neutron counts, meteorological vari-
ables, soil moisture, or permittivity). For such data, we de-
cided to implement a simple, transparent, and easy-to-use
data model that is based on standard text tables (charac-
ter (tabulator) separated values, csv): each sensor (or sensor
unit) is characterized in attribute tables, including a unique
identifier (ID), location (latitude and longitude in WGS 84
reference system), measurement depth or height (in meters
above or below the surface), and a set of sensor-specific at-
tributes that are documented in the attribute table’s header.
The time series of observations are provided in additional
text tables: each sensor is represented by one file that is
named according to the unique sensor ID. The first column in
any such file holds the date and time (UTC, ISO 8601). Any
other columns represents the measured variables which are
documented in the file header, including the physical units.

Time series data with a fixed spatiotemporal resolution
(e.g., data from SoilNet) are provided in netCDF files, which
include an explicit documentation of all dimensions and ob-
servational variables but which are also accompanied by an
overview text table that contains key attributes of the mea-
surement locations.

Any exceptions from these data models (e.g., for the
CRNS roving, the land use and soil data, the digital eleva-
tion model, or the remote sensing data) are explicitly elabo-
rated in the corresponding subsections and by using metadata
files. For polygon data, we use the ESRI shapefile and the
GeoJSON format, and for gridded data we use the GeoTIFF
format.

Further details of the data repository are given in the code
and data availability section (Sect. 6).

3.3 Meteorological data

The permanent meteorological instrumentation at the Rott
headwater catchment (also known as the TERENO site
Fendt) consists of an eddy-covariance flux tower and sev-
eral precipitation sensors. Besides the high-frequency mea-
surements of the eddy-flux system (the data of which are
available through the Integrated Carbon Observation Sys-
tem, ICOS, and TERENO), standard climate variables are
recorded every minute. The meteorological observations and
their respective devices selected for the presented data set are
listed in Table 1.

3.4 Stationary CRNS data

During the period from mid-May to mid-July 2019, a to-
tal of 24 stationary CRNS sensors were operated, though
not all sensors were measuring at all times. CRNS sensor
no. 8 in the northeast had already been installed as part
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Table 1. Meteorological instrumentation in the Rott headwater
catchment (instrumentation is part of the TERENO Pre-Alpine Ob-
servatory at the Fendt site).

Variable Sensor brand Accuracy  Precision

WXT520, Vaisala +0.3°C 0.1°C
WXT520, Vaisala +3 % 0.1%

Air temperature
Air rel. humidity

Air pressure WXT520, Vaisala +5 mbar 1 mbar
Global radiation ~ SPN1, DeltaT Devices +8 % 0.6 W m?
Precipitation Pluvioz, Ott Hydromet +1% 0.01 mm
Wind speed WXT520, Vaisala +3% 0.1ms~!
Wind direction WXT520, Vaisala +3° 0.1°

of TERENO infrastructure, and it continued operation af-
ter the JFC. The temporal data availability is illustrated in
Fig. 9b. Data gaps and differing periods of data availability
are due to various reasons, including different dates for in-
stallation/deinstallation, sensor maintenance, power failures,
or logger configuration, to name a few.

Table 2 gives an overview of all stationary CRNS sen-
sors that were used during the campaign. Figure 2 illustrates
the proportions of the different sensor models. Out of the
24 sensors, 18 have been manufactured by Hydroinnova LLC
(Albuquerque, NM, USA). Those instruments are based on
neutron-sensitive detector gases, which are either 3He gas
(CRS-1000, CRS-2000) or '°BF;-enriched gas (CRS-1000-
B, CRS-2000-B). Five sensors (StX-140-5-15) were man-
ufactured by StyX Neutronica GmbH (Dossenheim, Ger-
many) and feature a new experimental design, based on solid
10B-lined converters. One of the 24 sensors was manufac-
tured by Lab-C LLC (Tucson, AZ, USA) and also constitutes
a new approach that uses a multiwire proportional chamber
with solid ®Li as a neutron converter. Figure 3 exemplifies
time series of raw neutron count rates from six CRNS sensors
of different types (manufacturers) and thus different sensitiv-
ities.

For all CRNS sensors, the detection chamber is sur-
rounded by a so-called moderator material in order to ther-
malize (i.e., slow down) epithermal neutrons for detection
(see Zreda et al., 2012; Schron et al., 2018a; Kohli et al.,
2018, for details). Six sensor units were equipped with an
additional detection unit without a moderator (i.e., a bare
counter) in order to directly count thermal neutrons (see Ta-
ble 2). This approach was motivated by recent studies which
show that the ratio of thermal to epithermal neutron count
rates is useful to distinguish specific hydrogen pools, namely
vegetation biomass (Tian et al., 2016; Jakobi et al., 2018) or
snow (Schattan et al., 2017).

The CRNS sensor units were equipped with varying mete-
orological sensors for air temperature, relative humidity, and
air pressure, all of which are required to correct for atmo-
spheric effects on epithermal neutron count rates. For some
units, such sensors were only available internally in the log-
ger box (making the observations less representative of the
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Table 2. Overview of CRNS sensors installed during the JFC, including manufacturer, model, and converter technology; the availability
of standard moderated detector tubes for epithermal neutrons (mod) and additional bare tubes for thermal neutron detection (bare); the
dominant land cover in the footprint of the sensor; the maximum measurement depth of colocated profile probes near the CRNS sensor; and

the sensitivity factor (ratio between raw neutron counts of the individual sensor and the calibrator unit no. 20).

ID Manufacturer Sensor model  Technology  Tubes Dominant land cover  Profile depth ~ Sensitivity
1 Hydroinnova CRS 2000-B 10BF3 mod and bare  forest, meadow 100 cm 1.190
2 Hydroinnova CRS 1000 3He mod crops, meadow 100 cm 0.452
3 Hydroinnova CRS 1000 3He mod and bare  meadow - 0.458
4 Lab-C NeuSens dual ~ °Li mod meadow 100 cm 4.530
5 Hydroinnova CRS 1000-B 10BF3 mod meadow 100 cm 0.670
6  Hydroinnova CRS 1000-B  '9BF; mod meadow, forest 100 cm 0.668*
7 Hydroinnova CRS 1000-B  !0BF; mod meadow 100 cm 0.668*
8 Hydroinnova CRS 2000-B 10BF3 mod and bare  meadow - 1.161
9 StyX Neutronica  StX-140-5-15 10 mod forest, meadow 100 cm -
10 StyX Neutronica  StX-140-5-15 1og mod meadow, forest 100 cm -
11 StyX Neutronica  StX-140-5-15 10 mod crops, meadow 100 cm -
12 StyX Neutronica ~ StX-140-5-15 19B mod meadow 100cm -
13 StyX Neutronica  StX-140-5-15 10B mod meadow 40cm 0.984
14 Hydroinnova CRS 2000 3He mod forest 100 cm 0.871
15 Hydroinnova CRS 2000 3He mod meadow, forest 100 cm 0.871*
16  Hydroinnova CRS 2000-B  10BF; mod and bare  meadow 40cm 1.148
17 Hydroinnova CRS 2000-B  'OBF; mod and bare  meadow - 1.121
18  Hydroinnova CRS 1000 3He mod and bare  meadow 100 cm 0.414
19  Hydroinnova CRS 2000-B  10BF; mod forest 40cm 1.147"
20  Hydroinnova Calibrator 3He mod - - 1.000
21  Hydroinnova CRS 2000-B  !0BF; mod meadow, forest 100 cm 1.132
22 Hydroinnova CRS 2000-B  10BF; mod forest 40cm 1.168
23 Hydroinnova CRS 2000-B  10BF; mod meadow, forest 40cm 1.127
24 Hydroinnova CRS 2000-B 1 0BF3 mod meadow 100 cm 1.138
25  Hydroinnova CRS 1000-B  10BF; mod meadow - 0.665

Julich
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lIII—IIiI
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CRS 1000

Julich rover
CRS 1000-B

CRS 2000
T CRS 2000-B
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Figure 2. Dimension of CRNS sensors employed in the campaign.
The blocks illustrate the size of the detectors; the actual units also
comprise other components, combined in a slightly larger housing.
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No direct measurement available; values were obtained by using the average of the same sensor models as a reference.

sensor footprint), while some units also featured external
meteorological sensors. A more detailed specification of the
placement of meteorological sensors is included in the meta-
data of the individual CRNS sensor units. All CRNS sensors
were set up to record neutron counts and additional variables
at a temporal interval of 20 min.

At 19 of the 24 CRNS sensor locations a profile probe (40
or 100 cm maximum measurement depth; see Sect. 3.8.3 for
further details) was installed to monitor the vertical distribu-
tion of soil moisture.

The locations of the CRNS sensors are shown in Fig. 1.
The sampling design underlying the placement of sensor
units was subject to various scientific and practical — partly
antagonizing — constraints

— to achieve a maximum coverage of the catchment area
in order to capture soil moisture storage dynamics in
the root zone as an important dynamic part of the catch-
ment’s water balance and a key control of groundwater
recharge;

Earth Syst. Sci. Data, 12, 2289-2309, 2020
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Figure 3. Raw (not standardized, uncorrected) neutron count rates
(in counts per hour, cph) recorded at an integration interval of
20 min by six exemplary CRNS sensors representing different man-
ufacturers/models (sensor ID in parentheses, see Table 2). While the
qualitative dynamics are visually similar, the different sensitivities
become evident by both different averages and different signal-to-
noise ratios. Note: y-axis scaling differs between plots.

— antagonistic to the former, to achieve a maximum over-
lap of CRNS footprints in order to better constrain the
estimation of soil moisture patterns in space and time
from multiple CRNS signals;

— to achieve a balance of coverage between the differ-
ent land cover and soil types, most notably with regard
to meadow versus forest cover and loamy/silty versus
peaty soils;

— to represent different positions along hill slopes inclined
towards the northward draining rivulet;

— to avoid properties for which owners did not grant
permission for trespassing nor installing equipment
(mostly in the west—southwest);

— to use locations with sufficient insolation for solar pan-
els;

— to efficiently incorporate existing observational infras-
tructure (such as the SoilNet in the northwest);
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— to keep a minimum distance of 15 meters to roads in or-
der to minimize the effect of roads on CRNS measure-
ments (Schron et al., 2018b); and

— to ensure proximity to tracks for the installation of the
heavy StX-140-5-15 units and to enable comparisons
with the cosmic rover measurements.

The trade-off between the aim of maximum coverage ver-
sus maximum overlap was resolved by increasing the density
of CRNS sensors in the northwest, where the permanent Soil-
Net allows for optimal validation.

3.5 Standardization of neutron count rates

Neutron count rates at different observation locations were
obtained with different CRNS sensor types. Even within the
same sensor type, the effective sensitivity varies. Between all
sensors used in this study, the sensitivity between the least
and the most sensitive sensor (CRS-1000 and Lab-C, respec-
tively) is expected to vary by an order of magnitude. In or-
der to compare neutron count rates observed at different lo-
cations, these count rates need to be normalized to a stan-
dard level. Given that the effective sensitivity of the instru-
ment is unknown, we need to introduce a reference standard.
For that purpose, we placed a mobile CRNS sensor (calibra-
tor, Hydroinnova, no. 20 in Table 2, basically consisting of
two combined CRS-1000 systems) just beside each station-
ary CRNS sensor for a period of at least 24 h. The ratio be-
tween the average count rates of the stationary CRNS sen-
sor and the calibrator — the sensitivity factor — was used to
standardize the count rates for the entire time series to the
calibrator level. For those CRNS sensors which we could not
collocate with the calibrator, we used the average sensitiv-
ity factors obtained for the same instrument type. The result-
ing sensitivity factors are included in Table 2. Furthermore, a
CRNS rover unit was collocated with most of the stationary
CRNS sensors on June 27, which provides a further sensitiv-
ity reference (see Sect. 3.6).

3.6 Roving CRNS

During the campaign, portable cosmic-ray neutron sensors
were used

— to study the spatial variability of neutron intensity and
soil moisture in the whole catchment and particularly in
between the stationary sensors,

— to validate the spatial representativeness of the station-
ary sensors and its dependency on different land use
types, and

— to investigate differences in the sensitivity of the station-
ary sensors by using the mobile sensor as a reference
standard.

We used three types of mobile devices:
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— UFZ rover (installed in a Land Rover Defender)
equipped with a moderated CRNS-RV unit (Hydroin-
nova LLC, Albugquerque, USA) based on >He gas (see
Schron et al., 2018b, for details). In contrast to previous
studies, we applied an additional polyethylene shield of
5cm thickness below the detector to reduce local ef-
fects. Air temperature and humidity were recorded with
sensors attached outside the car. Three consecutive mea-
surements underwent a moving-average filter to account
for the moving footprint and to reduce the relative statis-
tical uncertainty (Zreda et al., 2012; Jakobi et al., 2020).
The average epithermal neutron count rate across all
campaigns was 9788 & 2141 cph prior to corrections.

— Hand wagon equipped with the identical detector sys-
tem as in the UFZ rover (Fig. 4). This type of measure-
ment was applied mainly on 27 June for sensor intercal-
ibration and to cross terrain that is inaccessible for cars.
On a few days in May and June, the same measurement
principle was used for further sensor intercalibration.

— FZJ rover (Mercedes-Benz Sprinter) equipped with an
array of nine neutron detector units (Hydroinnova LLC,
Albuquerque, USA), each holding four tubes filled with
10BF;3. During the campaigns, the rover was config-
ured to measure epithermal neutrons with five detec-
tor units: three in vertical and two in horizontal ori-
entation. The remaining four bare detector units mea-
sured thermal neutrons during the experiments to cal-
culate the thermal-to-epithermal-neutron ratio N; (see,
e.g., Tian et al., 2016; Jakobi et al., 2018). The average
epithermal neutron count rate across all campaigns was
38919 £ 5815 cph prior to corrections.

All detector systems were set to integrate neutron counts
over 10s, and the driving speed ranged from 10 to
100 m min~!. Within the 2 months of the field campaign, rov-
ing measurements took place on 13 d (see Fig. 6).

3.7 Local neutron monitor and Bonner spheres

The neutron intensity at ground level strongly depends on
the incoming cosmic-ray neutron flux. In order to account
for variations of that incoming flux, researchers typically use
neutron monitor (NM) recordings from the Neutron Monitor
Database (http://www.nmdb.eu, last access: 11 May 2020) as
a baseline. For that purpose, Hawdon et al. (2014) and Schron
et al. (2016) recommended selecting a neutron monitor with
a cutoff rigidity similar to the study location. Consequently,
we suggest neutron monitors Irkutsk and Jungfraujoch as po-
tential candidates for the reference flux:

— Fendt site, Rqyt = 4.14+0.02 GV (calculation based on
Herbst et al., 2013), altitude 595 m;

— Irkutsk NM, Ryt ~ 3.64 GV, altitude 435 m; and
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Figure 4. Intercalibration of the stationary sensor (middle) using
the mobile rover on a hand wagon (left) and the mobile calibrator
unit (right), with minimum record periods of 20 min and 24 h, re-
spectively.

— Jungfraujoch NM, Rqy =~ 4.49 GV, altitude 3570 m.

Nevertheless, open questions about the suitability of neu-
tron monitor data for local CRNS applications still exist, as
pointed out by Schron (2017) and Baroni et al. (2018). To
build the basis for a more thorough analysis in future stud-
ies, we take advantage of additional neutron detector instru-
ments during the study period in Fendt, the so-called mini-
NM (Kriiger et al., 2008), and Bonner spheres (Bramblett
et al., 1960; Rithm et al., 2012). Both instruments were in-
stalled close to CRNS probe no. 15 and measure different
neutron energies due to different thickness of the polyethy-
lene shielding (PE).

Combinations of multiple Bonner spheres can be used to
estimate the spectral flux distribution (i.e., the energy spec-
trum) of secondary cosmic-ray neutrons (Leuthold et al.,
2007). The Bonner spheres are spherical *He proportional
counters (3.3 cm diameter, type SP9, Centronic Ltd.) sur-
rounded by polyethylene shields of 3, 5, 6, 8, 9, 10, and
121n. (7.62, 12.7, 15.24, 20.23, 22.86, 25.4, and 30.48 cm),
respectively. An additional bare detector without any sur-
rounding material was used to get a high response to thermal
neutrons. To increase the response to high-energy neutrons
(> 20MeV), the 91in. detector has been modified by adding
a 0.51n. lead shell (Mares and Schraube, 1997).

Figure 5 shows a comparison of the count rates from the
remote neutron monitors at Jungfraujoch and Irkutsk, the lo-
cal mini-NM, and the local Bonner spheres. Future studies
will investigate the environmental factors that have an effect
on the various neutron energies and which of the detectors is
most suitable for the incoming neutron corrections.

Earth Syst. Sci. Data, 12, 2289-2309, 2020
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Figure 5. Neutron count rate N for different detector types: the re-
mote neutron monitors at Jungfraujoch and Irkutsk, the local mini-
NM, and the local Bonner spheres. Each instrument is equipped
with different PE or lead shields to adjust the detection sensitivity
towards different neutron energies.

3.8 Soil data and local soil moisture observations

As pointed out in Sect. 1.2, the estimation of volumetric soil
moisture from epithermal neutron count rates typically re-
quires a sufficient number of soil moisture and bulk density
measurements in the sensor footprint. These measurements
commonly originate from thermogravimetry (the retrieval of
soil moisture as the mass difference of a soil core before and
after oven-drying) but may as well be acquired with other
measurement techniques. The more reference measurements
within the footprint are available, the more reliably the ef-
fects of spatial variability of soil moisture can be accounted
for in the calibration.

In this study, we combined several measurement tech-
niques. The Rott headwater catchment study site at Fendt is
partly equipped with permanent soil moisture measurement
devices (SoilNet, see Sect. 3.8.1, and Fig. 1), which provided
long-term spatially and temporally dense records. For the ob-
servation period, the existing network was temporarily ex-
tended by additional wireless sensors (see Sect. 3.8.2) and
profile probes (see Sect. 3.8.3).

In addition to these continuous observations, manual sam-
pling was carried out in an intensive campaign from 25 to
26 June 2019 (see Sect. 3.8.4). In that campaign, soil samples
were extracted directly at the sensor locations from various
depths for the thermogravimetric measurement of water con-
tent and other soil properties. Furthermore, vertical profiles
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of FDR measurements were carried out at these and addi-
tional locations.

3.8.1 Permanent soil sensor network (SoilNet)

The permanent soil moisture monitoring data at Fendt are
available since June 2015. In total, 55 vertical profiles were
distributed in the northwest part of the Rott headwater catch-
ment, covering an area of about 9ha (Fig. 1). Each pro-
file records permittivity and temperature at 5, 20, and 50 cm
depth, every 15min. The system is an implementation of
SoilNet (version 3) — a ready-made system developed at
Forschungszentrum Jiillich GmbH, Germany (SoilNet, 2018).
Permittivity and temperature are measured redundantly at
each depth with two slightly displaced sensors (SMT100,
Truebner GmbH, Neustadt, Germany). The SMT100 uses a
ring oscillator to determine the permittivity of the soil from
the electromagnetic propagation velocity. The relation be-
tween sensor counts and permittivity € was individually cal-
ibrated for each device prior to installation according to Bo-
gena et al. (2017) and Qu et al. (2013). We used the dielectric
mixing model of Birchak et al. (1974) to link € with the vol-
umetric water content (6)

€95 — (1—n) 62‘5 —n 62'5

9= B . )

€, €a, and €y, stand for the permittivities of the solid, air, and
water components of the soil. n denotes the porosity of the
soil. The permittivity of the air is defined with €, =1 and
€w, was computed from temperature 7 (in °C) according to
Weast (1986) with

€w=78.54-(1—-4.579 x 107>(T —25)
+1.19x 107(T = 25)* = 2.8 x 1073(T - 25)%).  (3)

For the permanent installation area, the values for the solid
permittivity €5 = 3.29 and the porosity of the soil n =0.63
were derived from a laboratory analysis of nine representa-
tive soil samples, following the methodology proposed by Qu
et al. (2016).

We provide the SoilNet data in a compressed binary
netCDF-4 format. The 15 min interval time series cover the
period May 1-31 July. We stored each variable in a separate
field with the dimensions profile ID, depth, and time. The ge-
ographical locations of the profiles are also contained in the
file, thus enabling geostatistical analyses. We did not fill data
gaps that resulted from sensor malfunction or transmission
erTors.

3.8.2 Temporary soil sensor network

In addition to the permanent SoilNet we installed flexible
variants of such a sensor system, the so-called “wireless soil
moisture sensor networks” (WSN; see also Schron et al.,
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Figure 6. Roving tracks and relative neutron intensity. Each panel represents a roving campaign day and a rover type (UFZ rover, FZJ rover,
hand wagon). The color code qualitatively indicates the variability of observed corrected neutron intensity within a single roving campaign,
where a higher neutron intensity corresponds to drier conditions. Forested and built-up areas as well as roads are shown in gray, and the
watershed is represented by the broken black line; stationary CRNS sensor locations are printed with black circles. Basemap data are from
OSM (OpenStreetMap contributors, 2020); see Sect. 4.4.

2018a; Lausch et al., 2018). The system is an implementa- measures at 10, 20, 30, and 40 cm depth, PR2/6 additionally
tion of the BaseNet system (IMMS gGmbH, Ilmenau, Ger- yields values for 60 and 100 cm depth. Table 2 specifies the

many), developed in cooperation with the Helmholtz Cen- maximum measurement depths covered at each CRNS loca-
tre for Environmental Research (UFZ, Leipzig, Germany), tion.

and includes standard SMT100 probes (Truebner GmbH, The voltage readings U,y recorded every 20min were
Neustadt, Germany). corrected and processed as described in Sect. 3.8.4, using the

Across the catchment, nine locations were equipped with manufacturer’s equation (Delta-T, 2016),
vertical measurement profiles: eight locations with two pro-
files each and one location with four profiles (i.e., 18 profiles Je=1.125—-553U.+67.17 UC2 —234.42 UC3
in total). The locations were chosen to cover different land 1 413.56 Uc4 —356.68 ch 1 121.53 Uc6, @)
use types and to closely accompany CRNS sensor nos. 4, 9,
11, 13, 14 (four profiles), 19, 22, and 24 (see Fig. 1). Soil
permittivity and temperature are measured with slightly dis-
placed sensors at 15, 30, and 45 cm depth and in intervals
of 10 min. The measuring principle and calibration proce- 3.8.4 Manual soil moisture observations and soil
dure correspond to the explanations in Sect. 3.8.1. The cor- sampling
responding porosity values of the soil were derived from a
laboratory analysis of two representative soil samples for 15
and 30 cm depth at each location. For the solid soil compo-
nents, we assumed a permittivity of €5 = 3.29 following the
considerations of Sect. 3.8.1.

and applying Eq. (6) after manually removing spurious data.

A large number of manual soil moisture measurements were
carried out from 25 to 26 June 2019, and these were use-
ful for increasing the spatial coverage of the continuously
recorded soil moisture data, enabling the calibration of the
moisture sensors and obtaining basic soil properties (bulk
density, residual water content, organic matter content, tex-
3.8.3 Soil moisture profile probes ture). , ) )

The standard method for measuring soil moisture and
Soil moisture profile probes were installed throughout the other soil properties is collecting soil cores from various
study area in order to monitor the vertical distribution of depths and analyzing them with thermogravimetry (referred

soil moisture over time. The vertical distribution pattern is to as thermogravimetric profiles in the following). Yet, that
not only affecting the vertical CRNS footprint (Kohli et al., approach is also the most labor intensive. It was not pos-
2015), but it also informs about vertical water movement and sible to apply that sampling procedure at a sufficient num-
thus groundwater recharge (Baroni et al., 2018). ber of locations within 2 d. Therefore, the thermogravimetric

We employed FDR-based profile probes PR2 of three vari- approach was complemented by FDR measurements at the
ants (PR2/6 analogue, PR2/4 SDI, PR2/6 SDI, Delta-T De- same depths (referred to as FDR profiles in the following).
vices LLC, Cambridge, England, UK). These were installed While manpower limited the total number of sampled sites,
in the direct vicinity of the 19 stationary CRNS sensors out- access permission posed further restrictions on their spatial
side the SoilNet, at a maximum distance of 1.5m. PR2/4 distribution (see Fig. 1).
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Altogether, the following sampling design was applied
during the intensive campaign: within 2m around each
CRNS sensor, a thermogravimetric profile was collected (de-
tails below). In the direct vicinity, an FDR profile was col-
lected as an additional reference (details below). Four FDR
profiles, surrounding the CRNS sensor in all cardinal di-
rections within 3—6 m distance complemented the survey in
close proximity to the CRNS sensors. Finally, randomly se-
lected locations (under the constraints of access permission
and of accounting for different land cover types in the foot-
print) served for closing remaining gaps in the design. The
resulting collection consisted of 23 thermogravimetric and
139 FDR profiles. All measurement locations were surveyed
with the Differential Global Positioning System (DGPS).

For collecting a thermogravimetric profile, a pit was ex-
cavated. Soil cores were horizontally extracted with cylin-
ders (4 cm height, 5.6 cm diameter), at depths of 0 to 25 cm
with an increment of 5cm, where the measurement depth
signified the distance between the soil surface and the up-
per edge of the sampling ring. Two replicate cores were ex-
tracted for each depth in each pit. Water content was deter-
mined by drying the samples at a temperature of 105 °C and
subsequent weighing. Analyses of residual water content and
organic matter were performed for composite samples from
three classes: (1) forest on mineral soil, (2) other land use on
mineral, or (3) other land use on organic soil. For each class,
mixed samples for each 5 cm increment served for analyses,
which consisted of exposing the samples to 400 and 1000 °C
for 16 and 12 h, respectively. For the mineral composite sam-
ples, a texture analysis was conducted using wet sieving and
laser diffraction (Helos, Sympatec GmbH, Germany).

The FDR profile resulted from handheld ML2
ThetaProbes (Delta-T Devices LLC, Cambridge, UK)
performed in vertically augered holes of incrementally
increasing depths. The depth increments of 5 cm correspond
to those of the thermogravimetric measurements. Here, the
depth refers to the upper end of the electrodes after the
probe had been fully inserted. At each depth, the probe was
vertically inserted, read, and extracted three times, with a
slight rotation after each time, in order to capture microscale
variability. Sensor voltage U,y served as the primary
variable recorded. Since U,y varied considerably between
individual sensors, each reading was linearly converted
to corrected voltage U.. This conversion was based on
sensor-specific calibration performed in air and water. The
resulting corrected values of U allowed their conversion
to permittivity € according to manufacturer’s specifications
(Delta-T, 1998):

Je=1.07—64U.+64U>—47U>. (5)
We tested various published equations for converting € to
the 6 determined from thermogravimetry at the points of con-

comitant measurements. Since none of the tested relations
performed satisfactorily, we refitted the coefficients of these
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equations. The best fit was achieved with the readjusted equa-
tion of Zhao et al. (2016) resulting in

o —0.38460 — 1.1037 + /e
T —2.25950 4 1.7629 + (0.8995 0 4 0.6479) - \ /€

(6)

with o being the dry bulk density in units of gram per cu-
bic centimeter (gcm™3). The variable o was related to the €
according to the respective soil stratum and depth layer as
described above.

3.9 \Vegetation and biomass

Cosmic-ray neutron sensors are affected by all hydrogen
pools within the footprint. Therefore, water stored in plants
and hydrogen as a component of the plant tissue had to be
quantified. The applied methods differ for grassland (more
dynamic due to mowing operations) and forest (higher total
biomass).

3.9.1 Biomass on grassland and cropland

Aboveground biomass on grassland and cropland sites was
sampled three times (14—16 May, 6 June and 17 July) at the
same 45 locations (see Fig. 7). For that purpose, all plant ma-
terial within a 30 cm x 30 cm frame was harvested and im-
mediately weighed in the field, using a mobile scale. Sub-
sequently, the samples were stored in labeled paper bags
for transport to the lab and oven-dried to constant weight at
65°C.

The vegetation water content can be estimated from
weight loss after drying. For the amount of hydrogen and
oxygen stored in cellulose, Franz et al. (2013) suggested a
stoichiometric approximation (55.6 %).

Most grassland patches experienced multiple farming op-
erations during the campaign, namely mowing, drying of the
cut grass, baling, and removal of hay. These operations gen-
erally took place on patches defined by their respective own-
ership. The status of these patches (see Fig. 7) was visually
inspected every 3—4 d and recorded according to the above-
mentioned stages. These records should allow assessing the
effects of management on the aboveground biomass dynam-
ics.

3.9.2 Biomass in forest

Woodland covers a considerable fraction of the study area.
While this forest is largely dominated by spruce (Picea
abies), it also hosts smaller groves or individual trees of
beech (Fagus sylvatica), alder (Alnus glutinosa), and ash
(Fraxinus excelsior). The heterogeneous age of the stands
makes it more difficult to estimate forest biomass. The col-
lected data are intended to enable composite methods for the
estimation of biomass employing spectral and lidar-based
(see Sect. 4.3) remote sensing imagery and tree inventory
data (e.g., Brovkina et al., 2017).
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Figure 7. The layout of this figure corresponds to Fig. 1 but shows
additional observation campaigns, namely the locations of vegeta-
tion biomass sampling (blue crosses, see Sect. 3.9.1), areal units for
monitoring the status of meadows (light green), forest/tree surveys
(red crosses, see Sect. 3.9.2), and UAS overflight zones (light red,
see Sect. 3.10). Basemap data are from OSM (OpenStreetMap con-
tributors, 2020); see Sect. 4.4.

Forest mapping consisted of a plot-based and a tree-based
survey (for locations, see Fig. 7). The plot-based mapping
provides ground truth for species classification. We mapped
the forested area during June—August 2019. We selected
29 sites consisting exclusively or largely of one tree species
and recorded species, position (handheld GPS), diameter of
the patch, and the approximate stand height (three measure-
ments with laser rangefinder TruPulse 360B, LTI, Centen-
nial, USA). The tree-based survey comprised four plots sur-
veyed similarly to the method of Brovkina et al. (2017):
within a circular plot of 25m diameter, we recorded all
single trees with at least 7cm diameter, measuring their
azimuth and distance from the center of the plot, height
(TruPulse 360B), and their circumference (tape measure) as
a surrogate for breast-height diameter.

Additionally, the forest undergrowth and litter mass was
determined at six locations. For this purpose, all litter and
plant material within a 30 cm x 30 cm frame was collected
and processed in the same scheme as the cropland and grass-
land site samples (i.e., weighing in the field, oven-drying at
65 °C to constant weight). Water equivalents in undergrowth
and litter mass were estimated by weight loss after drying
summed with the stoichiometric amount of hydrogen and
oxygen stored in cellulose (Franz et al., 2013, 55.6 %).
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3.10 Thermal images from remote sensing

Thermal imagery was acquired covering a 60 m radius of
14 different CRNS sensors (see Fig. 7) as an indicator for
soil moisture distribution within the footprint area of high-
est contribution to the CRNS signal (K6hli et al., 2015). The
times and dates of every flight are summarized in Fig. 8.

For the data acquisition the UAS MK Okto XL 6S12
(HiSystems GmbH, Moormerland, Germany) equipped with
a radiometric calibrated FLIR Tau 2 336 (FLIR Systems,
Inc., Wilsonville, OR, USA) was used. This thermal cam-
era uses a VOx microbolometer focal plane array which
is sensitive to wavelengths from 7.5 to 13.5 um. Manufac-
turers specify an accuracy of £5°C. The camera was up-
graded with an external shutter system (TeAx Technology
GmbH, Wilnsdorf, Germany) to achieve a better radiomet-
ric accuracy and avoid the vignetting effect in the individ-
ual scenes (Rainer Schlepphorst, personal communication,
5 May 2019). Further features are its 9 mm focal length and
a sensor resolution of 336 pixels x 256 pixels, leading to a
35° x 27° field of view.

Flights were performed at an altitude of 100m and a
speed of approximately 5ms~!, with a horizontal and ver-
tical scene overlap of 82 % x 84 %. Within each area of in-
terest, 5 to 10 ground control plates were distributed to en-
able accurate georectification of the geomatic products. Their
positions were determined with a Leica Zeno GG04 (Le-
ica Geosystems AG, Heerbrugg, Switzerland) DGPS antenna
with subpixel accuracy.

Three steps of data preprocessing were performed before
the creation of orthomosaics: for each individual scene cap-
ture, the camera creates multiple frames. The frame with the
highest image quality according to the Agisoft Image Quality
tool was selected for further processing. The extracted frames
were temperature corrected as proposed by Maes et al. (2017)
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Tuascorr = Tuas — Tair + Tairﬁmean’ (7)

with Tyascorr and Tyas being the corrected and uncorrected
measured temperature by the camera, respectively, Ty; the air
temperature at the moment of image capture, and Tyi; mean
the mean of the air temperature during the flight. Air tem-
perature of the meteorological data (see Sect. 3.3) served
as input for the correction. The orthomosaics for each flight
were created in Metashape Professional (version 1.5.3, Ag-
isoft LLC, St. Petersburg, Russia). The application of a Wal-
lis filter (Wallis, 1977) increased the contrast within the indi-
vidual frames and thus enabled automatic feature recognition
by the image alignment algorithms. The filtered images are
again substituted by the temperature-corrected frames when
building the orthomosaic in mosaic mode. The root mean
square error (RMSE) of the positions of the ground control
plates is included in the metadata of each flight.

3.11 Discharge

Discharge observations, which are, for example, needed for
setting up hydrological or land surface models of the study
area, were derived from water level measurements (Data-
logger Type 575-11, HT-Hydrotechnik, Obergiinzburg, Ger-
many), taken at the outlet of the Rott headwater catchment
in the north (see Fig. 1) with 10 min resolution. The rat-
ing curve was derived from salt-tracer—electric conductivity
measurements. Due to the lack of discharge reference values
for channel water levels above 40 cm, discharge rates exceed-
ing 0.1 m3 s~ are increasingly uncertain.

3.12 Groundwater levels

For hydrological modeling and water balance assessments,
information about the groundwater dynamics are also of in-
terest. The saturated zone at the Fendt valley bottom can
be differentiated into a shallow aquifer situated on top of
and between the Quaternary sediment layers and a thicker,
deeper confined aquifer. For each groundwater layer, a hy-
draulic head measurement is available during the campaign
period. The observation well for the shallow aquifer is lo-
cated in the vicinity of the climate station, and the one for the
deeper aquifer is situated below the country road, south of the
SoilNet at the center between CRNS sensor nos. 12, 18, and
24 (see Fig. 1). The time series were recorded with 3-hourly
(Datalogger Type 575-1I, HT-Hydrotechnik, Obergiinzburg,
Germany) and 15 min (Hobo U20L-04, Onset, Bourne, MA,
USA) resolution for the shallow and deep aquifer, respec-
tively. As the well opening for the shallow aquifer is flush
with the ground surface and located in a small depression,
strong precipitation events with ponding can cause a direct
water flow into the well tube. Therefore, sharp peaks should
be interpreted carefully and the groundwater temperature
data should be considered as indicators for such events, too.
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Negative peaks in the time series are due to local pumping
tests.

4 Related data from third parties

This section introduces several additional and useful data sets
that are not part of this data publication and are provided by
institutions or research collaborators without direct involve-
ment in the Cosmic Sense project.

4.1 Complementary data by the ScaleX and MOSES
heat wave campaigns in 2019

The Cosmic Sense joint field campaign 2019 was carried out
at the same time as the ScaleX 2019 campaign of KIT Cam-
pus Alpin, which involved additionally the MOSES (Modu-
lar Observation Solutions for Earth Systems) test campaign
for the heat wave event chain. From these activities, com-
plementary measurements were performed, including sen-
sible and latent heat fluxes, net ecosystem exchange, tur-
bulence statistics, planetary boundary layer depth, surface
temperature, surface emissivity, surface thermal infrared im-
ages, vertical profiles of wind speed and direction, and wa-
ter vapor and air temperature lidar profiles at Hohenpeiflen-
berg. As of now, access to these data needs to be requested
from the individual project leaders of ScaleX 2019. Fur-
ther description and contact information is available at https:
/Iscalex.imk-ifu.kit.edu (last access: 11 June 2020).

4.2 Long-term hydro-meteorological observations

Long-term hydrometeorological and ecological data for the
TERENO Pre-Alpine Observatory and the Rott headwa-
ter catchment (Fendt) are available via the TERENO Data
Discovery Portal (https://www.tereno.net/ddp/, last access:
27 May 2020). Further details about the TERENO Pre-
Alpine Observatory are available in Kiese et al. (2018) and
via the KIT Campus Alpin’s website (https://www.imk-ifu.
kit.edu/tereno.php, last access: 21 May 2020).

4.3 Digital elevation model and soil overview maps

A high-resolution digital elevation (DEM) or terrain model
(DTM) can be helpful, particularly for hydrological applica-
tions, e.g., for identifying flow paths or estimating the depth
of the groundwater table, or for forest biomass estimation
(see Sect. 3.9). DEM and DTM products at various hori-
zontal resolutions and vertical accuracy levels can be ob-
tained from the corresponding state agency, the Bayerisches
Landesamt fiir Digitalisierung, Breitband und Vermessung
(https://www.ldbv.bayern.de), e.g., the DEM1 product with
aresolution of 1 m x 1 m, and a vertical accuracy better than
20cm.

Soil maps (Bodeniibersichtskarte 1:25000) for Bavaria
are available in vector (shapefile) format published under CC
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BY-3.0 license by the Bavarian Environmental Agency (LfU,
https://www.Ifu.bayern.de/umweltdaten/geodatendienste/
pretty_downloaddienst.htm?dld=uebk?25, last access: 18 July
2019).

4.4 Land use, roads, and waterways

During fieldwork and for visualization, we used Open-
StreetMap data layers (OpenStreetMap contributors, 2020)
available via http://download.geofabrik.de (last access:
4 June 2020), namely land use, waterways, and traffic. The
data are distributed under an ODbL license (https://www.
openstreetmap.org/copyright, last access: 4 June 2020).

4.5 Meteorological data

The German Weather Service (DWD) provides open cli-
mate data via https://opendata.dwd.de (last access: 3 March
2020). These include comprehensive open-access observa-
tions of climate variables at the climate station Hohenpeif3en-
berg (identifier 2290, 977 ma.s.l.), which is located about
5 km southwest of the study area.

5 Example application

The prime motivation of this paper is to present a comprehen-
sive data set to the scientific community. That data set pro-
vides all the information required to estimate, analyze, and
put into context spatiotemporal soil moisture patterns from
different sensors and at different scales.

5.1 The stationary CRNS network

The heart of the data set is the dense cluster of CRNS sensors.
Although an in-depth data analysis is, by definition, beyond
the scope of this data publication, we would still like to give
an impression of the potential of this methodology as well as
of the temporal and spatial variability of soil moisture in the
context of this study. In order to convey such an impression,
we applied a standard processing workflow to estimate soil
moisture from neutron count rates. As we only consider this
an illustration, not a study result, we only briefly outline the
corresponding steps in the following:

— Standardize neutron count rates to a common sensitivity
level, which is the sensitivity of the calibrator sensor
(see Table 2).

— Correct neutron count rates for the effects of incom-
ing cosmic neutron flux, barometric pressure, and at-
mospheric water vapor. For that purpose, we applied
the standard procedure summarized by Andreasen et al.
(2017) in the section on “Correcting Neutron Intensity”.
To correct for the effects of pressure and water vapor, we
used data from the climate gauge (see Sect. 3.3) for all
CRNS sensors; to correct for incoming neutron flux, we
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used the data from the neutron monitor at Jungfraujoch
(see Sect. 3.7).

— Calibrate the Ny parameter from Eq. (1) for each CRNS
sensor based on the soil moisture measurements ob-
tained in the intensive manual sampling campaign (see
Sect. 3.8.4). For computing the average observed soil
moisture in a sensor footprint, we use the iterative hor-
izontal and vertical weighting procedure suggested by
Schron et al. (2017).

— Average (or smooth) neutron count rates in time in order
to increase the signal-to-noise ratio. In order to illustrate
the behavior over the entire study period, we applied a
moving average with a window size of 24 h; convert the
smoothed neutron intensity to volumetric soil moisture
using the calibrated Ny and Eq. (1).

- Interpolate the soil moisture estimates Osensor, jk Ob-
tained from each CRNS sensor j at each time step k to
values at the pixel scale Opxel. For that purpose, we con-
structed a 10 m x 10 m grid inside the spatial bounding
box of the catchment. For each grid pixel i, a weight
w;jx was inferred for each CRNS sensor j from the
value of the approximated horizontal weighting func-
tion as provided by Schron et al. (2017, Eq. B1). Then,
the soil moisture Opixel,ix at each pixel i was computed
as a weighted average based on Eq. (8):

Z wijkesensor,jk

S wi ®)

epixel,ik =

It should be noted that the above processing workflow uses
only parts of the entire data set in order to roughly character-
ize soil moisture patterns in space and time. The scientific
potential of the data set, however, is in combining the var-
ious observations at various scales. Figure 9 illustrates the
pronounced dynamics of soil moisture as well as the spa-
tial variability, i.e., within the catchment area and over the
campaign duration. From 20 to 22 May, an unusually intense
and persistent rainfall event resulted in more than 125 mm of
rainfall in less than 48 h, followed by another 40 mm towards
the end of May. That sequence of events led to saturated con-
ditions in the second half of May. Over June and July, the
catchment was subject to substantial drying, interrupted by
occasional but intense rainfall events. The median volumet-
ric soil moisture dropped from a maximum of 65 % to a mini-
mum of 37 %. Over the same period, volumetric soil moisture
always strongly varied in space: at the driest period around
early July, the wettest 5 % of the catchment still exceeded a
soil moisture of 45 %. The wettest parts of the catchment are
located around CRNS sensor no. 23 (see Figs. 1 and 2) and
are characterized by peat soils and very shallow groundwater
tables.
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Figure 9. Dynamics of meteorological variables and soil moisture
as estimated from neutron count rates. (a) Cumulative precipita-
tion P, reference evapotranspiration ET (FAO, 1998) based on
Penman—Monteith, and the difference P —ET(. (b) Soil moisture
Bsensor, jk €stimated from neutron count rates for each of the CRNS
sensors, where the sensors have been sorted from bottom to top in
ascending order based on average soil moisture — the white spaces
indicate periods of missing data; please note that sensor nos. 9-12
are not included in this overview because they did not record valid
data during the time of collocation with the calibrator sensor or the
manual sampling campaign. (¢) Temporal dynamics of different soil
moisture quantiles after the soil moisture estimates have been inter-
polated to a grid (see main text for explanation).

5.2 Spatial patterns using mobile CRNS

The mobile roving campaign on 27 June (Figs. 6 and 10)
brings the spatial patterns to a higher level of detail. The spa-
tial distribution of soil moisture in the Rott headwater catch-
ment is visible from the CRNS network, but only with the
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Figure 10. Roving with a hand wagon, passing every stationary
sensor except nos. 1, 21, and 22. Basemap © OpenStreetMap con-
tributors 2020. Distributed under a Creative Commons BY-SA Li-
cense.

mobile measurements is it possible to cross the fields be-
tween the stationary sensors and to significantly extend spa-
tial coverage and resolution. The campaign was conducted
with the UFZ rover on a hand wagon, and the data have been
aggregated on a regular 30 m grid. Neutron data have under-
gone basic atmospheric corrections (see Sect. 4.5), correc-
tions for soil properties using the SoilGrids database (Hengl
et al., 2017; Fersch et al., 2018), and a reduction by 10 % at
locations governed by forest-type land use in order to account
for the biomass effect (Baatz et al., 2015). The overall wet-
ness gradient in the area has been confirmed, but the mobile
measurements revealed a much larger wet spot in the north,
which could not have been resolved by the stationary sen-
sors due to a limited number of sensors located in that area.
Besides the wet soil in the peat area and despite the down-
ward shielding of the roving sensor, the observations are still
clearly influenced by the lower water content of the roads,
which are typically slightly elevated over the surrounding ar-
eas (see Schron et al., 2018b, for a description of this effect).
In prospective analyses of the data for the determination of
field soil moisture, it will be necessary to correct for this road
effect, e.g., by applying the procedure developed by Schron
et al. (2018b).
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Table 3. Overview of data categories and their path in the repository.
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Section  Variable Path in repository

33 meteo data meteo.zip

34 CRNS stationary crns_stationary.zip

3.6 CRNS roving crns_roving.zip

3.7 neutron monitors, mini-NM, Bonner spheres crns_incoming.zip

3.8.1 soil moisture, permanent WSN* soilmoisture_permanent_wsn.zip
3.8.1 soil moisture, temporary WSN* soilmoisture_temporary_wsn.zip
3.83 soil moisture, profile probes soilmoisture_profile_probes.zip
3.84 soil properties, soil moisture, manual sampling  soilmoisture_manual_sampling.zip
3.9 vegetation/biomass biomass.zip

3.10 thermal imagery (part II, separate DOI)

3.11 discharge discharge.zip

3.12 groundwater groundwater.zip

* Wireless soil moisture sensor network.

6 Code and data availability

For data sharing and archiving we used the EUDAT Col-
laborative Data Infrastructure (https://eudat.eu, last access:
23 June 2020). This pan-European e-infrastructure offers nu-
merous data-related services ranging from sharing, archiv-
ing, and processing to publication of the data. Its realiza-
tion is closely related to the European Open Science Cloud
(EOSC), a European initiative aimed at promoting free shar-
ing of scientific data. In the context of this data publica-
tion, this project benefited from the services B2SHARE and
B2HANDLE, both targeted at sharing, publishing, and guar-
anteeing long-term persistence of data and managing persis-
tent identifiers.

The data described in this paper are available
from EUDAT (https://doi.org/10.23728/b2share.
2826755861b94f44ab2fd09da0856883, Fersch et al,
2020a). For more fine-grained access to the large
files from the thermal imagery, these are hosted un-
der a separate DOI (https://doi.org/10.23728/b2share.
bd89f066c26a4507ad654€994153358b, Fersch et al,
2020b). The repository structure corresponds to the subsec-
tions of Sect. 3 (see also Table 3). Besides the data, each
folder contains a JSON file (readable ASCII text) holding
metadata and additional format descriptions, where these
differ from the conventions described in Sect. 3.2.

We developed the R package FDR2soilmoisture, version
0.116  (https://doi.org/10.5281/zenod0.4041537, Francke,
2020), for processing the FDR data and made it freely
available.

7 Conclusions

With this study, we present and provide a unique and com-
prehensive data set to several research communities: to
those who investigate methods to retrieve soil moisture from
cosmic-ray neutron sensing, to those who study the variabil-
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ity of soil moisture at different spatiotemporal scales, and
to those who intend to better understand the role of root-
zone soil moisture dynamics in the context of catchment
and groundwater hydrology, as well as land—atmosphere ex-
change processes.

The data set is unique in that it involves, for the first time,
a dense network of 24 CRNS sensors in a catchment area of
1 km?. That catchment exhibited pronounced moisture gradi-
ents from wet peat to much drier loamy soils, and the cam-
paign period was characterized by strong wetting and drying
dynamics.

The data set is comprehensive in that it not only includes
all the data that are required to interpret the neutron count
rates from stationary sensors (meteorological time series, lo-
cal soil moisture observations, soil properties such as bulk
density and organic carbon content, and vegetation biomass),
but also various rich data sets that allow users to put CRNS-
based soil moisture estimates into various spatiotemporal
contexts: CRNS roving campaigns, thermal imaging from
multiple UAS overflights, multiple WSN clusters, and time
series of discharge observations at the catchment outlet and
groundwater levels.

In this way, the presented data set will be a valuable re-
source to those seeking a better understanding of cosmic-ray
neutron signals and for advancing scientific tools for CRNS-
based soil moisture retrieval, as well as to those who aim to
use these data and instruments for hydrological and hydroge-
ological applications.
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