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Abstract

Measurement of soil moisture at the plot or hill-slope scale is an important link be-
tween local vadose-zone hydrology and catchment hydrology. This study evaluates the
applicability of the cosmic-ray neutron sensing for soil moisture in cropped fields.

Measurements of cosmic-ray neutrons (fast neutrons) were performed at a lowland
farmland in Bornim (Brandenburg, Germany) cropped with sunflower and winter rye.
Three field calibration approaches and four different ways of integration the soil mois-
ture profile to an integral value for cosmic-ray neutron sensing were evaluated in this
study. The cosmic-ray sensing (CRS) probe was calibrated against a network of clas-
sical point-scale soil moisture measurements. A large CRS parameter variability was
observed by choosing calibration periods within the different growing stages of sun-
flower and winter rye. Therefore, it was not possible to identify a single set of param-
eters perfectly estimating soil moisture for both sunflower and winter rye periods. On
the other hand, CRS signal and its parameter variability could be understood by some
crop characteristics and by predicting the attenuated neutrons by crop presence.

This study proves the potentiality of the cosmic-ray neutron sensing at the field scale;
however, its calibration needs to be adapted for seasonal vegetation in cropped fields.

1 Introduction

The understanding of soil moisture variability across spatial-temporal scales is of great
interest for several important aspects such as flood prediction and forecasting (Brocca
et al., 2010; Koster et al., 2010; Steenbergen and Willems, 2012), weather prediction
(Albergel et al., 2010), climate modeling (Team et al., 2004), agriculture management
(Champagne et al., 2011; Vico and Porporato, 2011), and groundwater recharge (Pat-
terson and Bekele, 2011).

Despite the important role of soil moisture in the hydrological cycle (for exam-
ple, Porporato and Rodriguez-lturbe (2002), Robinson et al. (2008) and Vereecken
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et al. (2008), among others), there is still a gap of current measurement capabili-
ties to be covered between point-scale and large-scale remote sensing (Tapley et al.,
2004; Entekhabi et al., 2010). Especially at the intermediate scale (e.g. small catch-
ment scale, agricultural-field scale, etc.), measurement techniques for soil moisture are
still under development. Indeed, many methodologies of soil moisture measurements
at this intermediate scale are investigated such as wireless soil moisture monitoring
networks (Bogena et al., 2010), spatial TDR network (Graeff et al., 2010), ground-
penetrating radar (GPR) measurements (Huisman et al., 2003), electrical resistivity
tomography (ERT) measurements (Garre et al., 2011), time-lapse gravity data (Chris-
tiansen et al., 2011) and ground-based microwave radiometry (Schwank et al., 2009).
Recently, integral quantifications of seasonal soil moisture in the root zone at the scale
of a field, a small watershed or a hydrologic response unit have become possible
with a novel methodology introduced by Zreda et al. (2008) and Desilets et al. (2010)
named cosmic-ray sensing. The first steps of this methodology were initially presented
in a case study of Kodama (1984) in which estimations, both snow water equivalent
and below-ground soil moisture, were indirectly derived by measuring “albedo neu-
trons”, secondary products of cosmic radiation. More recently, based on using neutron
transport simulations and field measurements in a grassland, Zreda et al. (2008) and
Desilets et al. (2010) presented the first reliable measurements of soil moisture by
counting natural aboveground fast neutrons. This methodology is now being imple-
mented routinely in the Cosmic-ray Soil Moisture Observing System (COSMOS, Zreda
et al., 2012). It is worth mentioning that cosmic-ray sensing (Zreda et al., 2008, De-
silets et al., 2010; Franz et al., 2012a, b, 2013) and ground albedo neutron sensing
(Kodama et al., 1980, 1985; Rivera Villarreyes et al., 2011) are the same methodology.
In this study, we use the term cosmic-ray neutron sensing, which describes better the
physical basics.

Indeed, the cosmic-ray neutron sensing shows a lot of potential for covering data re-
quirements for large-scale studies, e.g. calibration and validation of land surface mod-
els and satellite-based soil moisture retrievals. Additionally, these data will improve
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existing worldwide initiatives of soil moisture monitoring such as the International Soil
Moisture Network (ISMN; Dorigo et al., 2011). However, there are still some open ques-
tions on this methodology that have to be evaluated with further research, such as field
verification of measurement volume (vertical penetration depth and horizontal footprint)
in complex topographies (i.e. hill slopes); field verification of influence from other water
environmental compartments (e.g. interception water, bounded water, biomass water,
ponded water, etc.) to the soil moisture estimations, meaning possible correction fac-
tors; calibration approach without use of complex neutron transport models; transfer-
ability of calibration parameters to other times and locations; etc.

Based on the open questions mentioned above, our work is motivated and designed
to cover the following main objectives:

- to investigate different field calibration approaches for the cosmic-ray neutron
sensing;

— to observe the variation of calibration parameters throughout the crop-growing
season;

— and to extend knowledge of the cosmic-ray neutron sensing to different crops.

2 Materials and methods
2.1 Experimental site and monitoring activities

Fast neutron measurements were carried out at a lowland farmland in Bornim (Bran-
denburg, Germany). The experimental site consisted of a 30 ha agricultural cropped
field and is located close to Potsdam, and 30 km west of Berlin. Soil is mostly homo-
geneous with a dominant soil classification of loamy sand (USDA classification). At the
same location, Rivera Villarreyes et al. (2011) applied the cosmic-ray neutron sensing
method when the field was cropped with corn (Zea mays) in 2010.
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The first monitoring period in this study consisted of the entire growing season of
sunflower (Helianthus annuus) from 5 May 2011 (initial stage) until 5 September 2011
(harvest). Later field activities and monitoring were restarted from 11 November 2011
until 25 May 2012 (shortly before harvest), now cropped with winter rye (Secale ce-
reale). We call these the sunflower period and the winter rye period. Because this
study is focused on soil moisture estimations, we do not present data during winter
period 2011-2012 when soil was frozen and sometimes there was snow.

During the sunflower and winter rye periods, a cosmic-ray soil moisture neutron
sensor (CRS-1000, Hydroinnova, Albuquerque, USA), named here with the abbre-
viation CRS probe, was installed. The probe contained two proportional counters,
one counter surrounded by a low-density polyethylene (for fast neutrons) and a sec-
ond, bare counter (for thermal neutrons) installed in the center of the field (52.431° N,
13.021° E, WGS84, 84 ma.s.l.) named “A” in Fig. 1. Additionally, the sensor in location
A coincided with a monitoring location in Rivera Villarreyes et al. (2011), since one ob-
jective of this study is to verify calibration parameters previously estimated during the
corn period. The sensor was mounted on a pole at a height of 1.5 m above ground. The
neutron-pulse-counting modules of the CRS probe were set up to record counts every
20 min; neutron counts were subsequently integrated into the one-hour time intervals
in data processing. It is well known that CRS uncertainty decreases in low altitudes,
such as the Bornim site. However, since our calibration approach is based on a longer
period (> 30 days, cf. 2.3), we expected that this natural uncertainty is not relevant for
calibration.

In this study, twelve FDR (Frequency Domain Reflectometry MR2 probes, Delta-
T Devices Ltd., Cambridge, UK) sensors were distributed in Bornim farmland in five
locations (A—E in Fig. 1) and three depths (5, 20 and 40cm). All the five locations had
sensors at 5 and 20 cm depth, but only the locations labeled “B” and “D” had additional
devices at 40cm depth. The location of the deepest sensor was defined according
to predictions of CRS penetration depth (Eqg. 1) based on the observed level of sail
moisture from 2010. Additionally, soil texture measurements do not change significantly
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in the first 50 cm soil layer (cf. Sect. 3.1). Before installation of FDR sensors, soil cores
were extracted at same locations in order to verify FDR field calibration in both periods
(sunflower and winter rye).

The FDR probes were used to measure soil moisture every 20 min. Subsequently,
FDR soil moisture was averaged to an hourly time step and used for the CRS calibra-
tion, as is explained in following sections. A field calibration from our previous study
(Rivera Villarreyes et al., 2011) was used for FDR sensors.

During the sunflower and winter rye periods, measurements of crop heights were
taken throughout the monitoring period with four replicates of crop height per day in
each monitoring location (A-E; see Fig. 1). This information was used to distinguish
major crop-growing stages in the monitoring period. Moreover, literature data from the
Food and Agriculture Organization (FAO) was used for comparison.

2.2 Basis of the cosmic-ray neutron sensing

Intermediate-energy neutrons called fast neutrons (1-2MeV; Hess et al., 1961) are
created as the product of interactions (collisions) between secondary cosmic ray par-
ticles and land surface materials such as soil, snow, plant canopies, etc. These neu-
trons are randomly distributed below and above ground when they penetrate the soil,
and later are scattered back into the air. The neutron energy level varies due to sev-
eral collisions with soil nuclei. Some neutrons are absorbed completely, and others
can be modified completely or partially by kinetic losses. In these collisions, the hy-
drogen’s nuclei play an important role due to its large neutron-moderation capabilities
(elastic scattering cross section) compared to other common elements found in soil
minerals (Zreda et al., 2008; Rivera Villarreyes et al., 2011). This is the principle which
allows a passive and non-invasive estimation of soil moisture with the cosmic-ray neu-
tron sensing. The mathematical function between fast neutrons and soil moisture is
presented in Table 1.

Horizontal spatial coverage of the CRS probe can be defined as the land surface
region from which 86 % of the counted fast neutrons originate. Zreda et al. (2008)
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suggested adopting a value of ca. 600 m diameter. The depth of measurement of the
CRS, called effective depth, depends on the mean free path length for elastic collisions
in soil, which is on the scale of tens of centimeters. Soil moisture controls this sample
depth because the probability of neutron scattering and absorption events depends
mainly on the number of hydrogen molecules. Very recently, Franz et al. (2012a) pre-
sented an equation based on the hydrogen contribution from the soil moisture profile
and mineral water content (or lattice water) only, as follows:

_ 5.8
" OpgT+6+0.0829°

*

(1)

where z" is the effective depth of the CRS probe [cm], p,4 is the soil dry bulk density
[gcm‘3], 7 is the weight fraction of lattice water in the mineral grains and bound water
defined as the amount of water released at 1000 °C preceded by drying at 105°C (g of
water per g of dry minerals, herein known as lattice water), and C@ is the volumetric
pore water content [m3 m'3].

2.3 Calibration of the CRS probe
2.3.1 Corrections

Prior to the calibration of the CRS probe, fast neutrons were corrected by changes of
local atmospheric pressure (Rivera Villarreyes et al., 2011), incoming cosmic radiation
(Zreda et al., 2012) and atmospheric water vapor (Franz et al., 2012b). In the case
of incoming cosmic rays, the neutron monitoring station Jungfraujoch in Switzerland
(www.nmdb.eu) was set up as a reference station. When the neutrons in Jungfraujoch
were different than the mean historical value of 179.71 countss'1, we assumed that
incoming cosmic rays in Bornim also changed proportionally.
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2.3.2 Calibration approaches

The calibration methodology is still a very important open question. On the one hand,
cosmic-ray neutron sensing was calibrated with Monte Carlo neutron transport simu-
lations (Desilets et al., 2010). In the equation proposed for relating soil moisture and
fast neutrons (Table 1, Eq. 1), variables a,, a; and a, are defined as calibration param-
eters and parameter N, as a reference neutron count over dry soil conditions. In the
following, Rivera Villarreyes et al. (2011) successfully calibrated the probe modifying
ay, a4 and a, for a corn field and showed how those have to be adapted when using
different values of N,. Moreover, Franz et al. (2012b) presented a calibration procedure
fitting directly a value N, in a field with 24 % slow-changing vegetation cover, primarily
composed of creosotebush (Larrea tridentate), grasses, forbes, catci, and mesquite. In
order to explore the different methodologies and identify better approaches, we used
three different approaches to calibrate the CRS probe: (i) a fully empirical approach al-
tering ay, a; and a, freely, (ii) a semi-empirical approach where a,, a, and a, are rela-
tively modified with respect to the parameter of Desilets (2010), and (iii) a Ny-calibration
approach according to Franz et al. (2012b) and Zreda et al. (2012). All mathematical
relations for these approaches are presented in Table 1. The semi-empirical approach
considered the CRS calibration by multiplying the curve of soil moisture—neutrons by
a constant (Hydroinnova, 2010). The N,-calibration approach is slightly different from
the one proposed in the literature, since an optimal single value of N, for the entire cal-
ibration period was chosen, instead of the N, calculated with soil moisture data from
one-day (or six-hour) sampling campaigns. The calibration was done by minimizing
the root mean square error (RMSE) between FDR and CRS with the non-linear least
square (NLS) library in R language and environment. The goodness of fit in the cal-
ibration was based on the RMSE between FDR observations and CRS soil moisture
computed for the entire monitoring period, sunflower and winter rye.
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2.3.3 Calibration scenarios: effect of CRS effective depth

Recently, Franz et al. (2012a) presented an equation for estimation of the CRS penetra-
tion depth (Eq. 1), which was evaluated mostly in field without significantly observable
changes of biomass. Therefore, we designed four calibration scenarios to verify the
role of the CRS penetration depth and the different ways to integrate reference soil
moisture for the CRS calibration in depth in cropped fields (Fig. 2):

S1 constant penetration depth and equal neutron weights in depth,

S2 variable penetration depth and equal neutron weights in depth,

S3 constant penetration depth and variable neutron weights in depth, and
S4 variable penetration depth and variable neutron weights in depth.

In all scenarios the CRS values are taken to represent the soil water mass down to
the effective penetration depth, with the given weighting with depth z*.

In the case of constant penetration depth (scenario S1), the value of z* was set as
0.40m, which is about the mean value between the minimum (12cm) and the maxi-
mum (70 cm) according to Desilets et al. (2010). Also, this depth was chosen for the
installation of the deepest sensor in the field. The variable penetration depth for S2 was
estimated based on Eq. (1).

Scenarios S3 and S4 consider neutrons from different depths to be contributing dif-
ferently to the total count observed above ground (Eq. 3). This is because detected
neutrons do not originate uniformly distributed in depth. In terms of neutron modera-
tion, neutron intensity tends to decrease exponentially when they penetrate a certain
material (Hassanein et al., 2005; Oswald et al., 2008). This exponential decrease is
a function of the thickness and neutron scattering properties of the penetrating ma-
terial, i.e. soil porous medium. Therefore, we adopt an exponential neutron weighting
model to account for the neutron contribution from several depths as follows:

a, = e**/7, 2)
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where a, is the weighting neutron factor [-], z is the vertical depth [m], z* is the pen-
etration depth or effective depth for the CRS probe [m], and k is a negative constant
which may depend on nuclear properties of the porous medium. In our case, k values
were calibrated from FDR soil moisture. Therefore, the soil moisture value weighted
according to different neutron contributions in depth was defined as follows:

z
[ ;- Opr,,-dz
0
%R = o , 3)

[a,-dz
0

where 67] is the averaged FDR soil moisture used to calibrate for the CRS probe with
the scenarios S3 and S4 [m®m™3], OrpR ; is the FDR volumetric soil moisture observed

at depth z [m3 m'3], and a, is the weighting factor at depth z. The effective depth, z*, is
constant for S3, but variable for S4. In this study, z is only available at depths of 5cm,
20cm, and 40 cm. The definite integral in Eq. (3) was approximated by the trapezoid
rule.

In all the scenarios, special weighting was not applied in the horizontal direction. Our
assumption is justified in the very homogeneous soil conditions in Bornim (see discus-
sion later). Moreover, others studies (Franz et al., 2012a, b, 2013; Zreda et al., 2012)
have provided successful calibration with this assumption, even in more heterogeneous
fields than Bornim.

2.3.4 Effect of calibration periods and duration

Calibration parameters of the CRS probe were derived using field data of soil moisture
from the FDR network. Here, we focus on the understanding of how soil moisture esti-
mation and calibration parameters change if they are calibrated with soil moisture data
from different crop-growing stages. Thus, the entire monitoring period (cf. Sect. 2.1)
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was split into six consecutive short periods (D1 to D6, Table 2). Crop heights and FAO
recommendations were used as a proxy to identify these periods. In the case of sun-
flower, calibration periods D1-D4 have approximately equal length, coinciding with the
main growing stages of sunflower. In winter rye, mid-season and late stage extended
approximately to 40 and 30 days, respectively. The objective of this subdivision was to
determine if the crop stage leads to a different set of calibration parameters.

3 Results and discussion
3.1 Spatial variability of soil texture and soil moisture within CRS footprint

Surface soil texture was measured in our previous study (Rivera Villarreyes et al., 2011)
in 16 locations (asterisk marks in Fig. 1). Additionally, soil samples were taken in the
five FDR locations at 5, 10, 20, 30 and 40 cm depths (Fig. 1). Results revealed that soil
texture is very homogenous at the Bornim site, classified as loamy sand, with a high
sand content up to 83 %. Moreover, soil texture was observed to change slightly below
50 cm depth in two profiles dug up to 150 cm depth in locations B and D. From tex-
ture information, therefore, soil heterogeneity is not significant within the measurement
volume of the CRS probe.

In terms of soil moisture, we analyzed old time series of near-surface FDR values
during the corn period in 2010 (Rivera Villarreyes et al., 2011). The idea was to verify
whether five selected locations for the FDR network in the current study (Fig. 1) are
representative in respect to 19 FDR locations previously evaluated in the corn period.
The RMSE and r? between time series of mean FDR soil moisture with 19 and 5 loca-
tions were 0.018 m®*m~2 and 0.952, respectively, concluding that these five locations
are a good simplification of the former FDR network.

The representativeness of five FDR locations selected for this study was also verified
against two soil moisture campaigns in 121 near-surface locations (three replicates at
each location) within the CRS footprint (Fig. 1). A histogram of soil moisture showed
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a perfectly normal distribution (data not shown) with standard deviations of 0.014 and
0.021 m®m™2 for the two campaigns, respectively. In the two campaigns, mean soil
moisture was 0.053 and 0.14m®m™3. These values were well comparable to mean
values from the five-FDR network, 0.064 +0.006 m®m™ and 0.175+0.016 m®m™>, re-
spectively. Therefore, the selected locations for the FDR network in this study (A—-E
in Fig. 1) are considered a good representation of the mean soil moisture at the field
based on (i) the assumption that soil moisture variability is higher at 5cm depth com-
pared to deeper locations (e.g. Choi and Jacobs, 2007, among others) and (ii) obser-
vations of homogenous soil texture in both vertical and horizontal directions. Finally,
this FDR network was used as ground truth in order to calibrate the CRS probe.

Additionally, the previous field calibration (Rivera Villarreyes et al., 2011) was veri-
fied with new soil samples taken prior to installation of FDR sensors in sunflower and
winter rye periods. Gravimetric soil moisture and bulk density were measured from soil
cores (100 cm3). Volumetric soil moisture from soil cores was calculated from gravi-
metric soil moisture multiplied by the mean bulk density (~ 1.40 gcm'3). Subsequently,
volumetric field soil moisture was compared to the FDR calibration (Rivera Villarreyes
et al., 2011). The RMSE between measured soil moisture and FDR estimations was
ca.0.04m®m™.

3.2 Neutron corrections

The standard neutron correction due to changes of atmospheric pressure from the
cosmic-ray neutron detector was applied in both monitoring periods. Neutrons at the
Jungfraujoch station showed a decreased tendency (from 0 to 10.7 %) of the incoming
high-energy cosmic rays (data not shown) during the monitoring period. Therefore,
corrections were needed. In the case of corrections due to atmospheric water vapor,
local variations were smaller and the correction factor was calculated as ca. 0.999
throughout the monitoring periods. The final range of corrected fast neutrons used for
the CRS probe calibration varied from 668 + 26 to 1330 + 36 counts per hour.
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3.3 Comparison of calibration approaches

Calibration parameters derived in the same field previously cropped with corn in
2010 (Rivera Villarreyes et al., 2011) provided a large overestimation of soil moisture
(RMSE =0.20m~>m™3). The cause of this large discrepancy may be attributed to the
CRS penetration depth. In the previous study, the working assumption was that CRS
penetration depth is comparable to FDR sensors located at 5 cm depth under wet peri-
ods only. However, the recently introduced Franz’ equation (2012a) for the CRS pene-
tration depth suggested that minimum values could be up to 20 cm depth in respect to
this previous study.

Therefore, in the current study we evaluated four calibration scenarios to account for
depth information in three calibration approaches named fully empirical, semi-empirical
and N,-calibration (Tables 1, A1, A2 and A3). Overall, calibration approaches fitting ei-
ther f., or N (Table A1) provided the maximum values of RMSE between the FDR net-
work and CRS probe, compared to the approach fitting a,, a,, and a,. The mean values
of RMSE (n = 24) obtained are 0.026, 0.032 and 0.044 m3m~2 for the fully empirical,
semi-empirical and N,-calibration approaches, respectively. The statistical significance
of the calibration results was tested with an analysis of variance (ANOVA; Driscoll,
1996) test and a Student’s ¢ test (Hedderich and Sachs, 2012). In the case of ANOVA,
the null hypothesis was defined as Hy: Upyiy = Usemi = Un,» Where ey, Hsemi> and Uy,
represent the mean RMSE for the three calibration approaches; the alternative hypoth-
esis was set as “at least one of the RMSEs is different”. The ANOVA test indicated the
rejection of the null hypothesis at the 0.05 significance level. Additionally, a one-by-one
comparison of the RMSE mean values with the Student’s  test was set up with null
hypotheses as Hy : Ly = Hsemis Ho : Hsemi = Hn, @nd Ho : lpyy = Uy, From the Stu-
dent’s t test, we observed a difference between the three calibration approaches at the
0.05 significant level. Therefore, minimum RMSE = 0.026 + 0.008 m>m™ for the fully
empirical approach compared to the other two approaches is statistically significant.
From the calibration results, we observed that the calibration approach fitting three
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parameters, as expected, improves significantly the soil moisture performance. How-
ever, it will usually require more calibration data compared to single-parameter fitting
approaches.

3.4 Improvement of CRS soil moisture with calibration scenarios

The improvement of CRS soil moisture with the increase of scenario complexity is not
so evident (Fig. 4). Based on the ANOVA test with null hypothesis set as Hy: ugq =
Ugo = Ugz = Uga, Where lgy, Ugp, gz and ug, are the RMSE for scenarios S1, S2, S3,
and S4, the estimated F value (F-Statistics; Silvapulle, 1996) could not reject the null
hypothesis at the 0.05 significance level. Therefore, we conclude that four calibration
scenarios do not present a statistical difference.

The effective depth for scenarios S2 and S4 ranged between 18 and 45cm
with the assumptions of 7 =0. Introducing the measured value of lattice water
7=0.012m? m'3, penetration depth decreased up to 40cm in dry periods. This value
of lattice water is the mean from five FDR locations at 5, 20 and 40 cm depths. The real
penetration depth may be slightly less than the range estimated here due to influence
of other hydrogen pools not considered, for example organic matter (< 2 %; Gebbers
et al., 2009) and biomass. From all calibration datasets and calibration approaches
(n = 18), scenario with constant effective depth (RMSE = 0.035 + 0.012m3m'3) and
variable effective depth (RMSE = 0.034 +£0.014 m°> m_3) do not provide a statistical dif-
ference at the 0.05 significant level based on Student’s ¢ test. Therefore, the assump-
tion of constant penetration (z* = 40 cm) of the CRS probe is acceptable for our field
conditions with a homogenous soil profile at the first 50 cm soil layer.

Moreover in the case of the fully empirical approach, the implementation of a neu-
tron weighting function in depth showed no significant difference, with RMSE = 0.034 +
0.011 and RMSE = 0.033 +0.010m>m™ for S3 and S4, respectively. Such observa-
tions are in agreement with Franz et al. (2012a) and Franz et al. (2012b), as the dif-
ference between these scenarios was not relevant to their study either. The fact that
Franz et al. (2012a) and Franz et al. (2012b) evaluated a different neutron weighting
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function (linear shape) than the exponential-decay form tested in this study suggests
that a neutron weighting scheme in depth may indeed not alter calibration parameters.

3.5 Crop influence on the cosmic-ray neutron sensing parameters

From statistical analyses, we found a large variability of calibration performance (RMSE
increased from 0.029 to 0.045 m> m'3) at the 0.05 significance level by choosing differ-
ent calibration periods (D1-D6). This variability is more evident in the sunflower period
than in the winter rye period from RMSE values (Fig. 3). This could be attributed to
differences in soil moisture and crop characteristics during these two periods.

Due to the improvement of CRS soil moisture mostly depending on selection of the
calibration period, we opted to investigate how calibration parameters varied through-
out the growing season. In Fig. 4, optimal calibration parameters for each growing
period (D1-D6) are presented for each calibration approach. For the fully empirical
approach only parameter a, is shown. Parameters a; and a, show a similar behav-
ior and, therefore, are only reported in the appendix. As was explained in Sect. 3.4,
Fig. 4 shows also that parameters do not vary substantially between calibration sce-
narios. Also, parameter tendency differed for sunflower and winter rye, e.g. parameters
ay and f,, at the mid-season and late stage (Fig. 4). This may be due to different soil
moisture levels observed in periods, length of growing periods and crop characteris-
tics (Table 2). In the case of N, parameters in the sunflower period, these presented
an exponential-decay tendency from initial to mid-season of sunflower, followed by an
increase of N, at the late sunflower season. Similar conclusions were drawn by Horn-
buckle et al. (2012) with a decrease of N, according to the increase of corn biomass;
in our case N, tendency was inversely proportional to sunflower height (Figs. 4 and
7). Moreover, we also observed the same hysteresis behavior with an increase of N,
at the end of the growing season (with expected decrease of sunflower biomass) as
Hornbuckle et al. (2012). Parameter variability of a, 7., and N, was also computed at
a daily time resolution throughout sunflower and winter rye periods (data not shown).
The parameter variability in the long term (between growing stages) as shown in Fig. 4
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was significantly higher than the parameter variability within each growing period at
the 0.05 statistical level. Therefore, the fact that the observations of Hornbuckle (2012)
derived from single-day soil campaigns are comparable to our approach of selecting
the entire growing period verified the methodology applied here.

3.6 The CRS-derived soil moisture

Calibration datasets for the mid-season of sunflower (D3) and for the late season of
winter rye (D6) delivered similar CRS parameters (Table A1) and a minimum RMSE
of 0.019m° m~2 with the fully empirical approach. Similarity in calibration results (D3
and D6) shows the consistency of the calibration approach and its independency
from the FDR setup. Moreover, RMSE is comparable to other studies such as Franz
et al. (2012a) and Franz et al. (2012b). For simplification, calibration results of the
D3 period are used in Fig. 5 and the following discussion. Additionally, soil moisture
anomalies were computed for CRS and FDR. The anomalies were computed by sub-
tracting the mean value from the times series and later dividing by the standard de-
viation (Albergel et al., 2012). As they have been applied in other studies (e.g. Al-
bergel et al., 2012, and references therein), soil moisture anomalies could be useful to
compare observations of different measurement volumes, e.g. remote sensing versus
ground observations.

In general, the fully empirical approach provided acceptable results of CRS soil mois-
ture in terms of dynamics (Fig. 5 lower) and absolute values (Fig. 5 middle) for sun-
flower and winter rye periods, beside its different measurement volume compared to
the FDR network. However, there are some discrepancies observed in short time pe-
riods. For example in the drier period (May 2011) with few precipitation events and a
decrease of soil moisture by evapotranspiration, the CRS probe underestimated the
FDR soil moisture. Here, calibration parameters (D3) consider already crop influence
(i.e. biomass and other crop characteristics); therefore, they are prevented from pre-
cisely predicting values of soil moisture in the initial sunflower stage (low biomass). In
wet periods of the sunflower season, the CRS is in agreement with precipitation events,
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which is reflected by the good match to the peaks of FDR soil moisture (e.g. beginning
and end of July 2011). On the other hand, the CRS probe sometimes underestimated
FDR soil moisture during the infiltration process (e.g. 25 August 2011). Already Franz
et al. (2012a) showed this hysteresis behavior of the CRS probe during periods of
infiltration, evaporation and drainage.

Calibrated CRS parameters performed acceptably during the winter rye period in
terms of absolute values (Fig. 5 middle). From soil moisture anomalies (Fig. 5 lower),
sometimes CRS showed a steeper decrease compared to the FDR network in the
winter rye period, e.g. from middle to end of May 2012. In general, the mean CRS soil
moisture was higher than the mean FDR during the sunflower period. However, this
CRS mean tendency was slightly smaller than the FDR mean tendency in the winter
rye period.

Discrepancies between the CRS probe and FDR network during sunflower and win-
ter rye periods are attributed to changes of H pools moderating fast neutrons. As has
been observed, lattice water (Zreda et al., 2012), organic matter, biomass (Hornbuckle
et al., 2012), atmospheric water vapor (Franz et al., 2012b), etc., could affect CRS
signal. Measurement of lattice water showed values below 0.012 m° m's, expected for
sandy soils; therefore its importance is not relevant in this study. Organic matter was
measured below 2 %, in concordance with Gebbers et al. (2009), which may not con-
tribute significantly to the neutron moderation. Therefore, major H moderations to fast
neutrons are expected to come from soil moisture and crop, as discussed in the follow-
ing section.

3.7 Understanding the CRS signal in cropped fields

Temporal variability of crop hydrogen pools throughout the season, as well spatial
variability within the crop aboveground biomass and root distribution, makes it more
challenging to interpret the CRS signal in a cropped field. For example, fast neutron
decreased throughout the sunflower season (at least until its maximum stage) from
918-1188 counts per hour (initial stage with 5¢cm height) up to 682-970 counts per
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hour (middle season with maximum height of ca. 150 cm). Thus, the relation between
fast neutrons and soil moisture is not unique throughout the crop season. This behav-
ior is shown in Fig. 6 with a scatter plot between soil moisture and relative neutrons.
Here, the CRS calibration curve could be readjusted by adding or subtracting 5 % (v/v)
to account for temporal variability of crop properties affecting fast neutrons in the sun-
flower period. On the other hand, the calibration curve (D3) fitted well datasets for the
mid-season (D5) and late season (D6) of winter rye. In these last two periods, neutron
moderation may be similar to the D3 period of sunflower; here two crops present its
maximum yield, maximum height, maximum water content, etc.

Calibration parameters differed throughout crop stages (cf. Sects. 3.3-3.5). Differ-
ence of CRS soil moisture by parameter differences is related to some time-variable
crop characteristic. For instance, absolute mean difference between CRS soil moisture
using D1 (low biomass and low root density) and D3 (high biomass and well-developed
root structure) parameters (A8) is well correlated to changes of crop height. This
observation is consistent for the three calibration approaches (Fig. 7 left side). More-
over, it seems that the CRS signal is not affected significantly until a sunflower height of
ca. 50 cm. Temporal variability of A8, followed well temporal dynamics of crop height
(Fig. 7 right side). Moreover, this temporal trend of A8, was also verified against es-
timations of leaf area index using Mailhol’'s model (1997) based on heat accumulation
(Growing Degree Days).

The CRS signal is better understood with all environmental H pools considered, e.g.
the study of Franz et al. (2013) at USA forest sites. In seasonal crops with fast-changing
characteristics (i.e. aboveground biomass, biomass water content, root water content
and others), these H pools may be not easily quantified due to limited frequency of
measurements and invasiveness of existing measurement techniques (e.g. for roots
and biomass). So alternatively, we proposed a simple measure to further understand
the neutron attenuation by the presence of a crop.

Our simple approach was based on the calculation of the neutron counts by the in-
version of the CRS equation for known FDR soil moisture, named Ne,,. These are
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the neutrons counted if a crop would not have been present. The real number of
counts (Nggs) is directly measured in the CRS probe. Subsequently, the difference
between N,, and Ncgg may be a measure of the attenuated neutrons by the crop
presence (N,). Figure 8 shows the relation between N,; and calibrated parameter N,
for datasets D1-D6. Parameter N, was chosen as reference in order to compare neu-
trons versus neutrons. Results suggested an excellent agreement of Ny with Ny (r® =
0.973) for sunflower and winter rye. The decreased tendency of N, values with respect
to N, (Fig. 8) was expected; the higher N, values at the initial sunflower stage cor-
responded to the lower values of N, and vice versa. Maximum attenuation occurred
at maximum crop stage in both sunflower and winter rye, i.e. large biomass and well-
developed root structure. The fact that N is not zero at the initial sunflower stage may
be due to (i) its variability in biomass and root and/or (ii) Poisson’s variability of neutron
counts. Finally, we conclude that variability of N, substantially depends on the neutrons
attenuated by additional H pools to soil moisture. Further research directions could be
oriented to estimate values of N, from Monte Carlo neutron transport simulations with
observed field profiles of soil moisture and situations with variable crop cover and root
distribution. This information would provide an additional overview on how much N is
affected by a crop, as an entire system, and its parts in order to verify more precisely
the link between Ny and N.

4 Summary and conclusions

This study evaluates the applicability of the cosmic-ray neutron sensing method for soil
moisture measurements in a farmland cropped with sunflower in 2011 and winter rye in
2012. The main objectives of this study were (i) to investigate different field calibration
approaches for cropped fields, (ii) to observe the variation of calibration parameters
throughout the crop-growing season, and (iii) to extend knowledge of cosmic-ray neu-
tron sensing to different crops. We presented three calibration approaches for the CRS
probe (fully empirical, semi-empirical, and Ny-calibration) evaluated with six calibration
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periods (sunflower and winter rye) and four calibration scenarios. This study kept the
invariant known mathematical relation between fast neutrons and soil moisture. The
CRS calibration parameters found in this study intend to suggest future research direc-
tions (e.g. crop correction factors) to make long-term CRS probe monitoring feasible,
especially in places with seasonal crops.

The CRS probe was calibrated against a FDR network, which observes soil mois-
ture at the point scale and is used as ground truth. According to field information (soil
texture, lattice water, soil moisture from two sampling campaigns and others), soil het-
erogeneity is not significant within the CRS measurement volume. Therefore, a much
denser FDR network would not modify the findings of this study. From calibration pos-
sibilities presented here, the fully empirical calibration approach provided the best cal-
ibration results compared to other two approaches, independent from the calibration
scenarios. Calibration parameters are highly variable throughout the vegetative peri-
ods; therefore, improvement of CRS soil moisture mainly depends on the selection of
calibration period. Two calibration periods were identified to provide minimum values
of RMSE, mid-season of sunflower (D3) and late season of winter rye (D6). Similarity
in calibration results (D3 and D6) supports the consistency of the calibration approach
and its independency from the FDR setup. It is worth mentioning that FDR sensor lo-
cations were not necessarily the same in both monitoring periods due to positioning
accuracy, soil re-structure by farming practices, etc.

This study did not measure directly biomass components that may moderate fast
neutrons (i.e. fresh matter and water content); instead crop height was used as a simple
proxy to identify growing stages and, therefore, possible maximum periods of biomass.
Likewise, other crop characteristics such as root density, cellulose fraction, stem diam-
eter, etc., may be used at a degree similar to or higher than crop height.

From calibration scenarios designed in this study, the issues of the penetration depth
and the soil moisture distribution in depth were also evaluated. Results did not reveal
statistical differences using complex calibration scenarios with variable penetration
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depth and weighting functions in depth. However, we expect these conclusions may
change in other fields with strong vertical soil layering.

Overall, this study successfully tested the applicability of the cosmic-ray neutron
sensing methodology in cropped fields. The message and conclusions to take home
from this study are condensed into the following four points: (i) the CRS-derived soil
moisture for cropped fields is highly affected throughout the growing periods, and (ii) its
calibration parameters are time-dependent and crop-dependent. Parameter variability
between sunflower and winter rye may be attributed to how these crops modify its crop
water content (temporal and spatial) and other characteristics throughout its growing
period. Moreover, (iii) CRS uncertainty can be related to some properties such as crop
height, and the CRS parameter variability (N,) could be associated by predicting the
attenuated neutrons by crop presence. In general, (iv) the cosmic-ray neutron sens-
ing methodology has the potential to provide measurements between point scale and
remote sensing scale; however, special attention should be taken in cropped fields.
A further recommendation of this study is the need for neutron correction factors to
deal with the problem of the biomass influence (and other crop characteristics) on the
CRS soil moisture.
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Table 1. Definition of calibration approaches applied in this study for the sunflower period. The
Ocrs is the volumetric areal mean soil moisture [m®m™2], N is the corrected neutron counting
rate [-], o, is the mean bulk density [kg m™°], p,, is water density [kgm™°], a, are dimensionless
calibration parameters [-], and N, is defined as the corrected neutron counting rate over dry soil
under the same reference conditions used for N. Note that the N, value for the fully empirical
and semi-empirical approaches was set up to the maximum counting rate measured in the field.

Calibration approach Equation Fitting parameters
Fully empirical Ocps = /V/A‘I"'—"a -a, ay,ay,a,
0™

Semi-empirical Ocrs = (% - 0.115) feal fea

»—0.
N,-calibration Ocrs = % -0.115 Ny

5—0.
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Table 2. Field characteristics of the calibration periods during sunflower and winter rye periods.
Notice that FDR soil moisture presented in the table corresponds to the mean value at 5, 20

and 40 cm depth.

Growing Duration Crop height FDR soil moisture
Period Crop stage [days] [em] [m3 m's]
D1 Sunflower Initial 30 5-30 0.069-0.119
D2 Sunflower Development 30 30-110 0.046-0.141
D3 Sunflower Mid-season 30 110-150 0.090-0.224
D4 Sunflower Late 34 110-125 0.122-0.165
D5 Winter rye  Mid-season 40 30-140 0.045-0.105
D6 Winter rye Late 33 140-150 0.057-0.179
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Table A1. Fully empirical calibration approach and its four calibration scenarios: (S1) constant
Z" and no neutron weighting scheme, (S2) variable z* and no neutron weighting scheme, (S3)
constant z* and neutron weighting scheme, and (S4) variable z* and neutron weighting scheme.
The RMSE was calculated for the entire monitoring period.

Scenarios Datasets Crop a, ay a, k RMSE
B F o m’m™
S1 D1 Sunflower 0.133 0.001 0.076 0.025
S1 D2 Sunflower 0.035 0.219 0.001 0.036
S1 D3 Sunflower 0.050 0.319 0.039 0.019
S1 D4 Sunflower 0.092 0.001 0.001 0.040
S2 D1 Sunflower 0.137 0.001 0.087 0.022
S2 D2 Sunflower 0.035 0.283 0.001 0.027
S2 D3 Sunflower 0.055 0.303 0.043 0.019
S2 D4 Sunflower 0.086 0.001 0.001 0.034
S3 D1 Sunflower 0.124 0.001 0.062 -0.010 0.026
S3 D2 Sunflower 0.037 0.219 0.001 -0.010 0.033
S3 D3 Sunflower 0.063 0.284 0.057 -2.965 0.019
S3 D4 Sunflower 0.094 0.001 0.001 -0.010 0.042
S4 D1 Sunflower 0.124 0.001 0.062 -0.010 0.026
S4 D2 Sunflower 0.037 0.219 0.001 -0.010 0.033
S4 D3 Sunflower 0.059 0.295 0.050 -1.887 0.019
S4 D4 Sunflower 0.093 0.001 0.001 -0.050 0.041
S1 D5 Winterrye 0.113 0.001 0.070 0.023
S1 D6 Winterrye 0.038 0.374 0.024 0.019
S2 D5 Winter rye 0.071 0.188 0.049 0.022
S2 D6 Winterrye 0.038 0.374 0.024 0.019
S3 D5 Winterrye 0.138 0.001 0.105 -1.021  0.021
S3 D6 Winterrye 0.069 0.282 0.066 -2.015 0.019
S4 D5 Winterrye 0.135 0.001 0.101 -0.890  0.021
S4 D6 Winterrye 0.056 0.323 0.050 -1.522  0.019
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Table A2. Semi-empirical calibration approach and its four calibration scenarios: (S1) constant
Z" and no neutron weighting scheme, (S2) variable z* and no neutron weighting scheme, (S3)
constant z* and neutron weighting scheme, and (S4) variable z* and neutron weighting scheme.
The RMSE was calculated for the entire monitoring period.

Scenario Dataset Crop feal k RMSE
-] [ [m®m™
S1 D1 Sunflower 1.002 0.058
S1 D2 Sunflower 0.529 0.032
S1 D3 Sunflower 0.583 0.028
S1 D4 Sunflower 0.670 0.026
S2 D1 Sunflower 0.936 0.049
S2 D2 Sunflower 0.605 0.027
S2 D3 Sunflower 0.587 0.028
S2 D4 Sunflower 0.627 0.026
S3 D1 Sunflower 0.963 -1.001 0.053
S3 D2 Sunflower 0.550 -3.129  0.030
S3 D3 Sunflower 0.590 -2.404 0.028
S3 D4 Sunflower 0.608 <-10 0.027
S4 D1 Sunflower 0.912 -1.961 0.046
S4 D2 Sunflower 0.554 -2.737 0.030
S4 D3 Sunflower 0.588 -1.559  0.028
S4 D4 Sunflower 0.607 <-10 0.027
S1 D5 Winter rye  0.796 0.033
S1 D6 Winter rye  0.699 0.026
S2 D5 Winterrye 0.773 0.031
S2 D6 Winter rye  0.699 0.026
S3 D5 Winterrye 0.789 -2.600 0.032
S3 D6 Winterrye 0.728 -1.499  0.028
S4 D5 Winterrye 0.792 -2.340 0.033
S4 D6 Winterrye 0.729 -1.340 0.028
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Table A3. N,-calibration approach and its four calibration scenarios: (S1) constant z* and no
neutron weighting scheme, (S2) variable z* and no neutron weighting scheme, (S3) constant
Z" and neutron weighting scheme, and (S4) variable z* and neutron weighting scheme. The

RMSE was calculated for the entire monitoring period.

Scenario Dataset Crop Ny k RMSE
[coh] [ [m°m™
S1 D1 Sunflower 1333.0 0.059
S1 D2 Sunflower 1159.4 0.033
S1 D3 Sunflower 1162.7 0.033
S1 D4 Sunflower 1202.4 0.029
S2 D1 Sunflower 1312.1 0.051
S2 D2 Sunflower 1191.2 0.029
S2 D3 Sunflower 1164.6 0.033
S2 D4 Sunflower 1182.9 0.030
S3 D1 Sunflower 1331.8 -0.195 0.058
S3 D2 Sunflower 1169.7 -5.291 0.032
S3 D3 Sunflower 1166.1 -2.475 0.032
S3 D4 Sunflower 1173.4 < -10 0.031
S4 D1 Sunflower 1320.4 -0.807 0.054
S4 D2 Sunflower 11711 -4.968  0.031
S4 D3 Sunflower 1165.2 -1.607 0.032
S4 D4 Sunflower 1173.0 < -10 0.031
S1 D5 Winter rye 1274.5 0.038
S1 D6 Winter rye  1229.9 0.030
S2 D5 Winter rye  1266.0 0.036
S2 D6 Winterrye 1229.9 0.030
S3 D5 Winterrye 1268.9 -3.064 0.037
S3 D6 Winterrye 12426 -1.749  0.031
S4 D5 Winterrye 1270.0 -2.790  0.037
S4 D6 Winterrye 1243.1 -1.574  0.031
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Fig. 1. Monitoring network in Bornim during sunflower and winter rye periods: FDR soil moisture
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ble 2) and four calibration scenarios (Fig. 2). Notice that (i) the error bars are defined by one
standard deviation computed from the calibration scenarios and (ii) RMSE is calculated for the
two monitoring periods. Different bar colors indicate different crop stages.
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Fig. 4. Variation of calibration parameters throughout the growing periods for sunflower (left)
and winter rye (right) for different calibration scenarios (Fig. 2). The values of a, 7., and N, are
related to the fully empirical, semi-empirical and N,-calibration approaches.
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Fig. 6. Relation between FDR soil moisture and relative fast neutrons during sunflower and
winter rye periods: CRS calibration is plotted as the dashed black line, and its readjustment

by an increase (+5 m?® m'3) or decrease (-5 m?® m'3) of crop water content with respect to the
calibration curve is plotted in continuous lines.
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Fig. 7. Influence of the vegetation season on cosmic-ray neutron sensing: correlation graph
between A8, = 6py — Ops and sunflower heights for the three calibration approaches (left)
and time series of sunflower crop height and A8, for the fully empirical approach (right).
Notice that polynomial trendlines were used in the graph to the left.
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Fig. 8. Correction of N, parameter from estimated value of attenuated neutrons due to ad-
ditional H pools beside soil moisture. The N, values correspond to calibrated values for all
datasets (D1-D6) with scenario S1. The expected neutrons without crop cover and measured
neutrons are defined as N, and N¢gg, respectively. In the graph, these are the mean values
for each calibration dataset. Three examples of how N, is correlated to the attenuated neutrons
are shown for (i) initial sunflower, (ii) middle winter rye and (iii) middle sunflower in graph as
Initial (S), Middle (WR) and Middle (S), respectively. We expected biomass, root density and
crop water content to increase from (i) to (iii).
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