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This study was conducted to evaluate the performance of a preliminary soil moisture product estimated
from the cosmic-ray neutron probe (CRNP) installed at a densely vegetated and monsoon climate area,
namely the Soil Moisture - FDR and Cosmic-ray (SM-FC) site in South Korea. In this study, different cal-
ibration approaches, considering soil wetness conditions, were evaluated to select the most appropriate
calibration method for deriving the best cosmic-ray soil moisture at the SM-FC site. We tested the po-
tential application of two horizontal-vertical weighting methods, including the linear and non-linear ap-
proaches, with regard to the specific characteristics of the SM-FC site. The comparison of the two weight-
ing approaches for in-situ soil moisture measurement suggested that the linear approach provided better
performance compared to the non-linear in term of representing field-average soil moisture within the
CRNP footprint. Our calibration results revealed that dry condition-based calibration outperformed wet
condition-based calibration. The comparison of the cosmic-ray soil moisture utilizing dry condition-based
calibration showed reasonable agreement with the linear weighted average soil moisture estimated from
the FDR sensor network, with RMSE =0.035m3 m~3, and bias = —0.003 m® m~3; while the worst calibra-
tion solution with the wettest conditions had RMSE and bias values of 0.077 m3®m~3 and 0.063 m3 m—3,
respectively. The application of a biomass correction significantly improved the cosmic-ray soil moisture
product at the SM-FC site, resulting in the reduction of RMSE from 0.035 to 0.013m? m~3. A temporal
stability analysis was conducted to demonstrate the feasibility of cosmic-ray soil moisture in represent-
ing soil moisture for a large heterogeneous SM-FC site. Our temporal stability analysis results indicated
the representativeness of cosmic-ray soil moisture over an area with a high degree of heterogeneity, com-
pared to single measurements from FDR stations.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

and Frequency Domain Reflectometry sensors), remote sensing soil
moisture retrievals from space (e.g., SMOS and SMAP sensors) or

Soil moisture is regarded as a key variable of the water cycle,
which controls the interaction between the land surface and at-
mosphere (Vereecken et al., 2008; Brocca et al., 2011). Character-
izing the spatio-temporal variability of soil moisture improves our
ability to manage meteorological and hydrological processes asso-
ciated with addressing climate and natural disaster-related prob-
lems such as drought, flood, and dust outbreaks (Choi and Ja-
cobs, 2007; Bolten et al., 2010; Jackson et al., 2010; Kim and Choi,
2015; Bell et al., 2015; Cho et al., 2017; Kim et al., 2017; Zohaib
et al., 2017). Commonly, soil moisture can be estimated via vari-
ous methods over different scales, consisting of ground-based mea-
surements (e.g., gravimetric sampling, Time Domain Reflectometry
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hydrological models (e.g., GLDAS and Era-Interim) (Brocca et al.,
2011). However, while the in-situ soil moisture observations mostly
provide point-scale measurements that cannot represent a hetero-
geneous area at larger scales; the coarse spatial resolution, long
revisiting time and shallow penetration depth of microwave-based
remote sensing showed the limitations in characterizing soil wa-
ter content at the regional or continental scales, where the spa-
tial variation of soil moisture content is hardly accounted for
(Schmugge et al., 2002; Entekhabi et al., 2004; Wagner et al.,
2008; Zreda et al., 2012). This mismatch of horizontal and verti-
cal representativeness between those two soil moisture measure-
ments leads to a gap at intermediate scale when validating satellite
soil moisture products using ground-based datasets (Miralles et al.,
2010).
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A promising innovation in soil moisture measurement using
cosmic-ray neutrons has recently been introduced, which is ex-
pected to bridge the intermediate-scale gap in these current ap-
proaches (Zreda et al., 2008; Robinson et al., 2008). In general, the
cosmic-ray neutrons on the Earth are the product of the interaction
between cosmic-rays and Earth atmospheric nuclei (Hess et al.,
1959). More specifically, high energy primary cosmic-rays from
galactic origin, including mostly protons, collide with nitrogen and
oxygen in the air to produce cascades of secondary cosmic-rays
that penetrate the ground surface and interact with nuclei in soil
to generate fast neutrons at 1-2 MeV (Hess et al., 1961; Zreda et al.,
2008). Both theoretical calculations and actual measurements of
cosmic-ray neutrons have concluded that these fast neutrons are
basically moderated by hydrogen atoms and show a strong inverse
correlation with hydrogen contents, which are mainly present as
water (Kodama et al., 1985; Zreda et al., 2008; Zreda et al., 2011;
Bogena et al., 2013). This inverse relationship suggested a feasibil-
ity to retrieve soil moisture from the conversion of low energy fast
neutrons, whereas the hydrogen atoms are proportional with the
soil water content.

Measured neutron fluxes using a cosmic-ray neutron probe
(CRNP) are highly sensitive to the hydrogen contents within its
supporting volume, which contains the horizontal footprint and
effective measurement depth (Franz et al, 2013a). Initial find-
ings pointed out that while the footprint size is a circle with
a fixed radius of approximately 300m at sea level, which is
inversely proportional to atmospheric pressure and independent
of soil moisture content, the measurement depth is indepen-
dent of atmospheric pressure but strongly varies with different
soil moisture values (Zreda et al., 2008). However, advances of
Kohli et al. (2015) presented another consideration while the
CRNP radius ranges from 130 to 240m and depend on the air
humidity, vegetation cover, and especially soil moisture. Since
Desilets et al. (2010) initially derived a non-linear theoretical cal-
ibration function using only one calibration parameter (the Nj-
method) based on neutron transport simulations, the soil water
content can be converted from the measured neutron flux. To accu-
rately quantify the neutron contributions with corresponding soil
water content distributions on vertical and horizontal scales, vari-
ous weighting methods have been proposed for soil moisture mea-
sured using field sampling or in-situ networks. Two typical weight-
ing methods are the linear depth and distance weighting (Franz
et al, 2012; Lv et al, 2014) and the non-linear depth-distance
weighting approaches (Kohli et al., 2015). However, these meth-
ods require an evaluation for each individual experiment site due
to the fact that different weighting methods may be preferable for
different study area characteristics.

Previous studies have demonstrated the successful applica-
tion of CRNP-based soil moisture retrieval all over the world.
The earliest and largest cosmic-ray soil moisture network cov-
ering more than 70 distributed CRNPs - the COSMOS network,
was constructed in the USA under the monitoring of the Uni-
versity of Arizona (Zreda et al.,, 2012), which also currently con-
tributes to the International Soil Moisture Network (ISMN) sys-
tem (Dorigo et al., 2011). After the first construction of the COS-
MOS network, Franz et al. (2012) evaluated CRNP-based soil mois-
ture products from this network according to the field calibra-
tions. In addition to utilizing the traditional calibration, a uni-
versal calibration function was developed in order to retrieve
soil moisture content from cosmic-ray neutrons over several field
areas where soil sampling is difficult to conduct and hydro-
gen sources can be considered separately (Franz et al, 2013a).
Furthermore, Hawdon et al. (2014) also introduced the inaugu-
ral CosmOz network which employs a system of nine CRNPs
across Australia. Villarreyes et al. (2011), Bogena et al. (2013), and
Heidbuchel et al. (2016) generally focused on performing cosmic-

ray soil moisture measurement in the low-count environments in
Germany with mixed forest coverage. For the Asian region, the
studies related to CRNP-derived soil moisture were carried out in
China over different land cover types, e.g., heterogeneous farmland
or desert steppe (Han et al., 2014; Pang et al.,, 2015; Zhu et al,,
2015).

Regarding the Korean peninsula, there has been no research
conducted in term of cosmic-ray-based soil moisture measurement
by far. This suggests a need to provide an extensive analysis for
a preliminary cosmic-ray soil moisture product generated at the
Soil Moisture-FDR and Cosmic-ray (SM-FC) site, South Korea, ex-
pecting to enhance the motivation for further studies. Since the
greater variation in the typical land cover features of South Korea
with mixed forest and complex topography of mountainous areas
lead to a high degree of heterogeneous soil moisture; it is neces-
sary to apply the CRNP to limit the large number of field sampling
or distributed sensor networks required for effective soil moisture
monitoring. Furthermore, there have been no studies performed in
a monsoon climate area where seasonal variation of precipitation
is remarkable. In the current study, we aimed to investigate the
performance of the CRNP over a densely forested and monsoon
climate-dominated region with high soil moisture heterogeneity.
As Iwema et al. (2015) highlighted, selecting appropriate wetness
conditions can limit the multi-point-calibration for producing good
cosmic-ray soil moisture measurement; therefore, we mainly fo-
cused on implementing calibrations based on selecting preferred
soil wetness conditions. For these reasons, our specific objectives
were to (1) investigate the potential application of two horizontal-
vertical weighting methods, the linear (Franz et al., 2012; Lv et al,,
2014) and non-linear approaches (Kohli et al., 2015), with regard
to specific characteristics of the SM-FC site; (2) evaluate the per-
formance of different calibration approaches based on selecting
distinct soil wetness conditions to produce a preliminary cosmic-
ray soil moisture product in a monsoon climate region of Korean
peninsula; and (3) demonstrate the representativeness of our pre-
liminary cosmic-ray soil moisture product over an area with a high
degree of heterogeneity.

2. Experiment site and instrumentation
2.1. Experiment site

This study was implemented at the Soil Moisture-FDR and
Cosmic-ray (SM-FC) site, a forested area belonging to the
Sungkyunkwan University, Suwon, South Korea, called SM-FC site.
This experiment region covers a densely vegetated area with an
annual average precipitation of 1312 mm, an annual average rela-
tive humidity of nearly 70%, and an annual average air temperature
of approximately 12 °C. At this site, a system including one CRNP
and ten FDR stations was installed in late August 2015 (Kim et al.,
2016). The detailed description data of each station’s data and re-
lated information, including soil bulk density and soil texture, are
summarized in Table 1. Typical soil textures of the SM-FC site have
been reported as sandy loam and loamy sand soil. A location map
of the CRNP and FDR sensor network at the SM-FC site is shown
in Fig. 1.

2.2. Instrumentation

2.2.1. Cosmic-ray neutron probe (CRNP)

The CRNP installed at the SM-FC site (Fig. 2b) for fast neu-
tron measurement is the CR200X model manufactured by Hy-
droinnova Company, LLC of Albuquerque, New Mexico, USA (www.
hydroinnova.com), located at 37°17'30.7” N and 126°57’56.7" E
(Fig. 1). This device employs a single low-density polyethylene-
surrounded neutron detector filled inside with helium gas in or-
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Summary of the characteristics of CRNP and each station in the FDR soil moisture network.

Station ID  Location Longitude Distance r (m)  Soil texture Soil bulk density
Latitude Pra (glcm?)
CRNP 372919 N 126.9854 E Sandy Loams  1.51
FDR 1 372896 N 1269669 E  265.2 Sandy Loams  1.51
FDR 2 372895 N 1269855 E  257.9 Loamy Sands  1.63
FDR 3 372912 N 1269875 E 1074 Sandy Loams  1.51
FDR 4 37.2910 N 126.9849 E 93.0 Sandy Loams  1.51
FDR 5 372909 N 1269825 E 1574 Loamy Sands  1.63
FDR 6 372919 N 1269872 E 68.1 Sandy Loams  1.51
FDR 7 372919 N 1269854 E 0 Sandy Loams 1.51
FDR 8 372927 N 126.9870 E 113.0 Loamy Sands  1.63
FDR 9 372927 N 126.9854 E 94.3 Loamy Sands  1.63
FDR 10 372941 N 1269869 E 2514 Loamy Sands  1.63
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Fig. 1. Location of the CRP and FDR soil moisture network at the SM-FC site.

der to increase the sensitivity to epithermal-fast neutrons. The data
logger designed by Campbell Scientific is then connected to the
probe, providing fast neutron intensity measurements with addi-
tional internal temperature and relative humidity data inside the
instrument at one-hour intervals.

Hourly neutron intensity measurements from September 2015
to June 2016 were utilized in this study. However, in order to avoid
the snow effect during the winter period, a three-month-dataset
collected from December 2015 to March 2016, was removed. To
provide more accurate datasets, a similar quality control procedure
as that described in Zreda et al. (2012) was applied to the raw neu-
tron intensity measurements at the SM-FC site. Moreover, it has
also been suggested that smoothing high temporal fluctuations of
raw fast neutron intensity measured by CRNP using a 12-h mov-
ing average filter is necessary to reduce Poisson noise (Villarreyes
et al.,, 2011; Bogena et al., 2013).

2.2.2. In-situ soil moisture network
Point-scale measurements from the SM-FC site offered the use
of the Frequency Domain Reflectometry (FDR) soil moisture sen-

sor network (Fig. 2a). The sensors employed in this research were
the 5TM Soil Moisture and Temperature sensors manufactured by
Decagon Devices Corporation, USA. The sensors utilizes a 70 MHz
oscillator to provide water content from soil dielectric permittiv-
ity measurements using Decagon manufacturer calibration, with an
accuracy of +£0.03 m3 m~3 (Decagon Devices, 2010). Several previ-
ous studies have reported the sufficiency of soil moisture measure-
ments for in-situ networks within accuracy of +£0.03 m3 m~3, espe-
cially for larger scale areas (Famiglietti et al., 2008; Brocca et al.,
2010; Mitelbach et al., 2011, 2012; Bircher et al., 2012).

In this experimental site, ten FDR stations were non-uniformly
distributed around the CRNP, providing hourly volumetric soil
moisture contents at four different depths (10, 20, 30, and 40cm)
for each station. In this study, we employed hourly soil mois-
ture measurements at 10, 20, and 30 cm depth from the FDR sta-
tions network for a similar study period as the CRNP observa-
tions. Independent sensor testing using gravimetric soil sampling
at the SM-FC site, indicated RMSE values of 0.026, 0.019, and
0.016 m3 m~3 for soil moisture measurements at 10, 20, and 30 cm
depth, demonstrating that the in-situ network can provide accu-
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Fig. 2. (a) FDR station and (b) CRP located at the SM-FC site.

rate soil moisture products within +0.03 m? m~3. Furthermore, an
automated quality control process was applied to in-situ measure-
ments, as presented for the ISMN in Dorigo et al. (2012), for the
FDR soil moisture network at the SM-FC site.

3. Methods
3.1. Correction for neutron intensity

The raw neutron count rate measured from the CRNP included
the variations due to other environmental factors (Hawdon et al.,
2014). Therefore, to exclude the impacts of environmental factors
from the exact neutron signal, it is necessary to adjust for changes
in air pressure, atmospheric water vapor, and incoming neutron
flux. In this research, we follow the correction procedures similar
to the COSMOS network as provided by Zreda et al. (2012). In par-
ticular, the atmospheric pressure correction factor (fp) is computed
as follows:

»=exp[B(P— Pes)] (1)

where B is barometric pressure coefficient (cm%g~! or mbar—1)
which can be calculated as mentioned in Desilets et al. (2006), P
is atmospheric pressure at a given time of measurement, and P..¢
is reference atmospheric pressure which can be selected as the
average pressure during the study period at each specific site or
sea-level pressure. For our study area, with a geomagnetic cutoff
rigidity of approximately 10.5GV (Smart and Shea, 2008), the cal-
culated B value was 0.0071 mbar~! and the reference atmospheric
pressure was selected as the average pressure value for the mea-
surement period (P¢=1015mbar). Additionally, the hourly atmo-
spheric pressure dataset for the SM-FC site was collected through
the Korea Meteorological Administration website (http://web.kma.
go.kr/eng/). The correction factor for atmospheric water vapor fluc-
tuations (fwp) was calculated using the approach developed by
Rosolem et al. (2013) as follows:

faw =1+0.0054(pyo — pl¢}) (2)

where p,o (gm~3) is the near surface absolute humidity at a spe-
cific measurement time and p{,f)f is the reference absolute humidity
which can be calculated as the average absolute humidity over the
study period for the SM-FC site (p{,gf=2.07gm*3). The incoming
neutron intensity correction factor (f;) is expressed as:

fi= it )
ref

where I, is the measured neutron monitor intensity at a given
time and I is the baseline reference neutron monitor intensity
which can be calculated as the average neutron monitor inten-
sity over the entire study period. It is important to note that the
correction for incoming neutron intensity at a location requires
considering its geomagnetic cutoff rigidity (Hawdon et al., 2014).
In this study, we follow the method proposed by the COSMOS
network that allows data measured at the Jungfraujoch neutron
monitor station to be scaled to the experiment site cutoff rigidity
(Re =10.5GV) as follows (Hawdon et al., 2014):

Rc_Scaled = _0~075(Rc - Rc_jung) +1 (4)

where Rjyng is the cutoff rigidity at the Jungfraujoch neutron mon-
itor station, Switzerland (Ryjung =4.49GV). The scaled correction
factor for incoming neutron intensity (fj scaieq) can be calculated
as:

fi,Scaled = (fz - 1)Rc,5caled +1 (5)

Specifically, the time series of neutron monitor intensity at the
Jungfraujoch station is collected through the website (http://www.
nmdb.eu/).

Finally, the corrected neutron flux (Nco) can be computed
based on the equation:

Ncorr = Nraw~(M> (6)

fi,Scaled

in which N,y is the original neutron flux measured from the CRNP.
The time series of corrected neutron intensity retrieved at the SM-
FC site was then derived to the time series of reliable soil moisture
product.


http://web.kma.go.kr/eng/
http://www.nmdb.eu/

H.H. Nguyen et al./Advances in Water Resources 108 (2017) 125-138 129

3.2. Calibration of the CRNP

To convert fast neutron intensity to volumetric soil moisture
content, Desilets et al. (2010) proposed a shape-defining function
based on the Monte Carlo N-Particle eXtended Transport Code
(MCNPX) (Pelowitz, 2005), which is defined as follows:

a
0= <Nm,,0 - az)ﬂbd (7)
N 4

where 8 (m3 m~3) is volumetric soil moisture content, Neor is cor-
rected neutron intensity (counts per hour, cph), Ny is neutron in-
tensity over dry soil under the same conditions (cph), and ppq
(gcm~3) is average soil bulk density. The three fitting parameters
ag, a1, and a, are simulated for the generic silica soil by MCNPX,
with the value of ap=0.0808, a; =0.372, and a,=0.115. In this
study, we averaged soil bulk density values of FDR stations within
the CRNP footprint to obtain an average soil bulk density for the
SM-FC site (opq =156 gcm3).

Preferred choices of wetness conditions for sampling days can
improve calibration solutions and reduce the required number of
calibration points (Iwema et al., 2015). Generally, in the current re-
search, we aim to conduct an inter-comparison of calibration ap-
proaches for different levels of weighted average soil water con-
tents to investigate how cosmic-ray soil moisture products varied
with different soil wetness conditions. Furthermore, we also aim to
identify the appropriate wetness conditions for generating a bet-
ter cosmic-ray soil moisture product at the SM-FC site. The cu-
mulative density function (CDF) applied to weighted average soil
moisture was employed as an indicator of the soil wetness condi-
tion levels. More specifically, we split the CDF of weighted-average
soil moisture content retrieved from the FDR sensor network into
four groups at 25% intervals. The driest and wettest conditions be-
longs to the 0-25% and 75-100% groups, respectively. We randomly
chose a typical calibration day for each single wetness condition
level according to the corresponding weighted average soil mois-
ture. For the driest conditions (0-25%), the selected calibration day
should meet the criterion that no rainfall events took place within
at least two or three days prior to calibration.

3.3. Weighted-average soil moisture of the in-situ soil moisture
network

In-situ soil moisture measurements at the FDR stations used
for calibration and validation the cosmic-ray-derived soil mois-
ture required accurate quantification of soil moisture within the
CRNP footprint. However, not every approach shows good perfor-
mance at different experimental sites due to site-specific charac-
teristics. Therefore, in the current research, we evaluated the per-
formance of two soil moisture weighting approaches to determine
the best approach to represent soil moisture within the CRNP foot-
print given by the specific features of our study area. Since the re-
cent findings in Kohli et al. (2015) indicated little contribution of
neutrons at distances greater than 200 m and the highest contribu-
tions recorded within 10 m of the sensor, we applied both weight-
ing methods for the FDR stations located within the CRNP footprint
radius of 200 m.

The first approach employed linear depth and distance weight-
ing functions, proposed by Franz et al., 2012. The estimation of ef-

fective measurement depth (z*) was:
. 0.058
2= Bcne +0.0829 (8)

The vertical weighting factor, w(z), was calculated as follows:

w(z) = ‘(’)‘(z)[l‘zz*] =z= (9)

where z is the depth at a given soil moisture measurement, ¢, is
defined as:

2
0z = P (10)
The horizontal weighting factor, w(r), was computed as:
r
wiy— (1) 0sr<R (1)
0 r>R

where r is the distance from CRNP to each in-situ soil moisture
station (Table 1), «; is a constant, which is defined as (Lv et al.,
2014):

o =2 (12)
where R is the footprint radius of the CRNP (R=200m).

We adopted the second approach following the non-linear soil
moisture weighting with respect to the measurement depth and
horizontal footprint, which was introduced in Kohli et al. (2015).
The effective measurement depth was then computed as:

26.42 + 9}

r

z = p; ] [8.32+0.14(0.97+emo) (13)

0.057 + 6
The non-linear depth weighting factor for a given depth of FDR
soil moisture observation was defined as:

wz) =e? (14)

The non-linear distance weighting factor was calculated accord-
ing to:

Fe B 4 Befr
w(r) = {Fse—Fer + Fehr

where z and r are defined as the depth and distance of a given FDR
soil moisture measurement. The detailed computation of the re-
maining parameters has been fully described in Kohli et al. (2015).

Generally, considering the FDR soil moisture measurement at
depth j, the final weighted average soil moisture of the FDR sensor
network (6 yeighted) for both approaches was calculated as follows:

05m<r<50m

50m <r <600m (15)

> 0;.w(z)
i) = Swa (16)
¥ (0;)w(r)
Gweighted = W (17)

3.4. Validation of cosmic-ray soil moisture with weighted average soil
moisture

To evaluate the performance of each calibration solution, the
soil moisture time series estimated from the CRNP using different
calibrations were compared with the time series of the two cor-
responding weighted average soil moisture products derived from
the FDR sensor network. We utilized two metrics including the
root mean square error (RMSE) and bias as indicators for this eval-
uation, considering the criteria that better calibration campaign
would generate lower RMSE and bias values.

3.5. Biomass correction for cosmic-ray soil moisture

The neutron intensity measured by the CRNP is highly sensi-
tive to all the hydrogen pools present within the CRNP footprint,
in addition to soil water content. Therefore, identifying all the hy-
drogen sources may contribute to producing a better cosmic-ray
soil moisture product. However, while several hydrogen sources are
nearly static (e.g., lattice water, soil organic matter) and implicitly
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or explicitly accounted for calibration (Franz et al., 2013a), other
hydrogen sources are time-varying (e.g., biomass water, rainfall in-
terception) and challenging to qualify (Baroni and Oswald, 2015).
More specifically, in the case of the densely forested SM-FC site,
the hydrogen contribution primarily comes from biomass wa-
ter. Therefore, an effective vegetation correction approach is re-
quired to isolate the biomass-based hydrogen signal from that of
the soil moisture-based hydrogen content. Several vegetation cor-
rection methods were introduced in previous studies (Villarreyes
et al,, 2011; Franz et al., 2013c; Hawdon et al,, 2014; Baatz et al,,
2015) based on empirical measurements. Since the CRNP senses
the water in and on vegetation that the sensor network cannot
sense; therefore, the difference between soil moisture obtained
from CRNP and sensor network can be regarded as representative
of the biomass water content. In this study, due to the unavailabil-
ity of direct measurements, we applied the vegetation correction
following the method proposed by Baroni and Oswald (2015), since
they observed that biomass water equivalent (BWE) can be esti-
mated based on the relationship between the CRNP effective depth
and difference in soil water content retrieved between CRNP and
FDR sensors network. In particular, the correction process can be
implemented as follow. First, the calibration was conducted with-
out considering biomass water content, and the effective depth can
be computed based on Eq. (8). The CRNP-estimated soil water con-
tent then included the true soil moisture estimated from the sen-
sor network and biomass water content, which can be expressed
as:

Ocrnp = OrpR + Ohio (18)

where Oppgr is the in-situ soil moisture measurement estimated
from the FDR network using the weighting method, 6y, represents
the biomass water content within CRNP footprint. The BWE (mm)
can be then defined as:

BWE = ebio.Z*.lo = (QCRNP — QFDR).Z*JO (19)

It is important to note that the new hydrogen sources present
in the support volume can lead to a decrease of the penetra-
tion depth z*. Consequently, the effective penetration depth was
modified considering the presence of a hydrogen contribution to
biomass water content as follows:

5.8 — HE
7= 10 (20)
GCRNP +0.0829

The correction process was calculated iteratively until the dif-
ference between two successive z* values was less than 0.1 cm.

3.6. Stability analysis of soil moisture derived from the CRNP and
FDR network

In order to evaluate the robustness of the CRNP-based soil
moisture in representing the field soil moisture of a highly het-
erogeneous study site, a temporal stability analysis introduced by
Vachaud et al. (1985), was applied to the FDR sensors and CRNP
network at the SM-FC site, assuming that the field mean soil
moisture can be represented by a single soil moisture observation
which is selected as a time stable location within the network.
In particular, this method employed the analysis of relative differ-
ences (RDj), which can be expressed as:

RD;; = u (21)
0j

where 0 is denoted as the soil moisture measured at location i

(i=1,...,N) and time j (j=1,...,M). The mean of each sampling time

J (6;) is calculated as:

_ 1 X
QJ:N;@U (22)

The mean (MRD;) and standard deviation (SDRD;) of the relative
differences for each location i are computed as:

M
MRD; = % > " RDy; (23)
j=1
1 M
SDRD; = | 17— 3" (RDyj — MRD;)? (24)

j=1

The index of temporal stability (ITS) or root-mean-square error
(RMSE;) of the relative differences, which includes both MRD; and
SDRD; is given by (Jacobs et al., 2004):

ITS = RMSE; = v/ MRD;* + SDRD;? (25)

The selection of a representative location for field average soil
moisture within the CRNP footprint was conducted based on con-
sidering which soil moisture station provided the lowest ITS value
during the study period. In this research, we carried out a tempo-
ral stability analysis for the CRNP-based soil moisture product de-
rived from a better calibration solution with applying the biomass
correction associated with the depth-weighted soil moisture at
single observations of FDR stations within the CRNP footprint
obtained using the outperforming weighting approach. The dataset
on the calibration day was excluded from the temporal stability
analysis.

4. Results
4.1. Neutron intensity measurement

Fig. 3 shows the time series of the raw neutron intensity from
the CRNP at the SM-FC site in comparison with the corrected neu-
tron intensity over the study period. The raw neutron count rate
ranged from 708 to 1131cph with an average neutron intensity
and standard deviation of 929 cph and 58 cph, respectively. Both
the maximum and minimum raw neutron counts were recorded
in the first three-month period, indicating a high variation in raw
neutron intensity during this measurement time compared to the
second three-month period. A similar pattern for the raw neutron
intensity was repeated in the corrected neutron intensity. Particu-
larly, the time series dataset ranged from 751 to 1083 cph with an
average value of 936 cph. The corrected neutron intensity showed
a lower standard deviation (48 cph) than the raw neutron intensity
(58 cph).

4.2. Weighted in-situ soil moisture using two different weighting
approaches

Fig. 4 provides the time series soil moisture data from the
FDR sensor network within the CRNP footprint, which was esti-
mated using the two different weighting approaches. It can be
inferred from the graph that the soil moisture patterns gener-
ated from both weighting methods responded well to rainfall
events in this study area. However, the weighting method employ-
ing non-linear functions yielded higher soil moisture values, as-
sociated with higher variability, compared to the linear function-
based weighting approach. The mean - standard deviation values
of the linear and non-linear weighting approaches were 0.193-
0.036 m*m~3 and 0.237-0.042m3 m~3 (Table 2). In order to iden-
tify the significance of the difference between the standard devi-
ations of the two current approaches, an F-test was adopted at
significance level o =0.05. The results revealed that with the mea-
sured means and standard deviations of the two methods, the F
value was 1.35, which was greater than the F_;c, of 1.05, provid-
ing a rejection of the null hypothesis that the standard deviations
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Fig. 4. Time series of weighted average soil moisture products for the FDR sensors network using the linear depth-distance weighting and non-linear depth-distance weight-

ing methods for the study periods in (a) 2015 and (b) 2016.

Table 2

Means () and standard deviations (o) of the time se-
ries weighted average soil moisture products using linear
depth-distance and non-linear depth-distance weighting ap-

proaches.
WEighting approach (gweighted )l‘L (eweighted )U
(m?m—) (m’m—)
Linear depth-distance 0.193 0.036
Non-linear depth-distance  0.237 0.042

of the two approaches were equal. The non-linear method, there-
fore, derived a significantly higher variation compared to the linear
approach at the 0.05 significance level.

4.3. Comparison of calibrations for different soil wetness conditions

The selection of soil wetness conditions was implemented
based on the CDF of the weighted average soil moisture, which
showed that the soil moisture thresholds for the driest condi-
tions, using linear and non-linear weighting approaches, were less
than 0.164m3m~3 and 0.207 m3 m~3, respectively. Those for the
wettest conditions recorded were greater than 0.212m3m=3 and
0.260m3 m—3, respectively (Fig. 5). General information for the
selected calibration days at each level of 25% increment of the

CDF

Linear depth-distance

weighting |
I} = = Non-linear depth-
[} distance weighting
]
0 L
0.1 0.2 0.3 0.4 0.5

Soil moisture (m3m-3)

Fig. 5. The cumulative density functions (CDF) of the weighted average soil mois-
ture products for the FDR sensor network using linear depth-distance weighting and
non-linear depth-distance weighting approaches for selecting different soil wetness
conditions.
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Table 3
Summary of parameters used in calibration with linear depth-distance weighted and non-linear depth-distance weighted soil mois-
ture.
Calibration CDF levels  Day of calibration  Values in the day of calibration
Mean ppg  Mean Oyeighea  Mean Neorr N
(gem3)  (m*m?) (cph) (cph)
Linear depth-distance weighting 0-25% 29/09/2015 1.56 0.145 992 1305
25-50% 04/11/2015 1.56 0.179 977 1350
50-75% 12/04/2016 1.56 0.203 951 1356
75-100% 17/04/2016 1.56 0.296 896 1407
Non-linear depth-distance weighting  0-25% 29/09/2015 1.56 0.185 992 1381
25-50% 04/11/2015 1.56 0.212 977 1408
50-75% 12/04/2016 1.56 0.231 951 1401
75-100% 17/04/2016 1.56 0.431 896 1549
0.6 0.6 ¥
t \ oEb 3\ ——0-259
t 0-25% CDF 3 g 0-25% CDF
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Fig. 6. Calibration curves and the points of calibration for different soil wetness conditions using the weighted average soil moisture derived from (a) linear depth-distance

and (b) non-linear depth-distance weighting methods.

CDF is provided in Table 3. We then compute the soil moisture
from cosmic-ray neutrons using the traditional calibration of Ng-
method. The obtained Ny for different wetness conditions ranged
from 1305 cph to 1407 cph for the linear weighting approach and
from 1381 cph to 1549 cph for the non-linear weighting approach.
We selected one calibration scheme for each soil wetness level to
generate the calibration curves as shown in the Fig. 6. This results
indicated that the difference between the driest and wettest curves
for the calibration based on the non-linear weighting approach was
larger than that of linear weighting approach (Fig. 6). Moreover,
the variation in the shape of the calibration function with respect
to different soil wetness conditions was also indicated, whereas the
wettest conditions-based calibration curve was steeper than driest
condition-based calibration curve (Fig. 6).

The validation results of the cosmic-ray soil moisture prod-
ucts with weighted average soil moisture indicated the values of
RMSE ranged from 0.035 to 0.077 m3 m~3 for linear weighting and
from 0.042 to 0.151 m3 m~3 for the non-linear approach (Table 4).
It is important to note that for the both proposed soil moisture
weighting methods, calibrations considering drier conditions out-
performed those with wetter conditions, whereas lower RMSE and
bias values were produced with drier conditions (Table 4). To select
a good cosmic-ray soil moisture product for the SM-FC site, we set
a utility standard employing the typical error of satellite soil mois-
ture product (0.04 m3 m=3, Kerr et al., 2001; Entekhabi et al., 2010),
whereas the obtained RMSE from the selected calibration scheme

should not be exceeded the standard. Consequently, the soil mois-
ture product estimated from calibration considering driest condi-
tions and linear weighting approach can only meet the standard
of utility, with the lower RMSE of 0.035m3m~3 compared to the
threshold of 0.04 m3 m—3. In addition, we tested the RMSE and bias
obtained from a set of Ny ranging from 1000 to 1600 cph (Fig. 7).
The results showed that for our CRNP data, the optimal solutions
of the calibration were achieved with the Ng of 1310 cph when val-
idating with linear weighting approach, which yielded an unbiased
soil moisture product at the RMSE of approximately 0.035m3 m~3.
The similar pattern was repeated regarding the non-linear weight-
ing approach, but the unbiased cosmic-ray soil moisture can be es-
timated at Ny value of 1380 cph and RMSE of nearly 0.040 m3 m—3
(Fig. 7). For our selected calibration options, the best solutions
were recorded for the group of 0-25% CDF, when the average soil
moisture during the day of calibration was 0.145 and 0.185m3 m—3
for linear and non-linear weighting approaches, corresponding to
the Ny of 1305 and 1381 cph, respectively. These obtained Ny are
close to the optimal values, demonstrating the potential in produc-
ing a good cosmic-ray soil moisture product with consideration of
driest conditions. In contrast, the worst solutions were achieved
with calibration during the wettest day, with maximum soil mois-
ture values observed on the calibration day (0.296 m3 m~3 for lin-
ear and 0.431m3m—3 for non-linear methods). In evaluating the
two soil moisture weighting approaches, the better calibration so-
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Table 4

Validation of time series soil moisture estimated from the CRNP with the corresponding
in-situ weighted average soil moistures using linear depth-distance and non-linear depth-

distance weighting methods.

Calibration CDF levels No RMSE Bias
(cph)  (M’m~3)  (m’m3)
Linear depth-distance weighting 0-25% 1305 0.035 —0.003
25-50% 1350 0.046 0.024
50-75% 1356  0.049 0.028
75-100% 1407 0.077 0.063
Non-linear depth-distance weighting ~ 0-25% 1381 0.042 0.001
25-50% 1408 0.049 0.020
50-75% 1401 0.047 0.015
75-100% 1549 0.151 0.136
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Fig. 7. a) RMSE and b) bias of the validation work of cosmic-ray soil moisture estimated from the range of Ny with the weighted average soil moisture using linear and
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Fig. 8. Uncertainty analysis for calibrations considering different soil wetness conditions for using a) Linear and b) Non-linear depth-distance weighting approaches.

lutions tend to be obtained with the linear soil moisture weighting
method (Table 4).

4.4. Uncertainty analysis

The uncertainties based on standard deviations of different
Ng for corresponding calibration solutions using the Linear and
Non-linear depth-distance weighting approaches were shown in
Fig. 8. In particular, we measured standard deviations in calibra-
tion datasets of the neutron intensity and soil moisture retrieved
from the in-situ sensor network on the calibration days. We then

propagated these uncertainties into the calibration parameter Ny
using the calibration function (Eqn. 7). As inferred from Fig. 8,
with respect to the four different calibration schemes, the uncer-
tainties in Ny increased with increasing soil wetness conditions for
both Linear and Non-linear weighting methods. Large differences
in uncertainties between calibrations with driest (0-25% CDF) and
wettest (75-100% CDF) conditions were captured, with standard
deviations of Ny for the driest and wettest condition-based calibra-
tions were 1305+ 14 and 1407 + 110 cph when applying the Lin-
ear weighting method and 1381+ 15 and 15494 125cph for the
Non-linear weighting method, respectively. These results demon-
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Fig. 9. Time series of hourly soil moisture estimated from CRNP with dry condition based calibration with and without applying biomass correction, and weighted average
soil moisture of the FDR network using the linear depth-distance weighting approach over the study periods in (a) 2015 and (b) 2016.

strated that calibrations considering different soil wetness condi-
tions based on the CDF curves of the weighted average soil mois-
ture are distinguishable, especially between the driest (0-25% CDF)
and wettest (75-100% CDF) conditions. Furthermore, the lowest
uncertainty in Ng for the driest condition-based calibration pro-
vided a better performance, compared to the wettest conditions, in
generating cosmic-ray soil moisture product, resulting in the low-
est RMSE value when calibration considering driest conditions.

4.5. Time series of soil moisture retrieved from CRNP

The time series of soil moisture product estimated with the
calibration considering driest condition is shown in Fig. 9, against
the linear weighted average in-situ soil moisture. Fig. 9 illustrates
that the cosmic-ray soil moisture dynamics were strongly respon-
sive to rainfall data, especially in the case of the small rainfall
events. In detail, the cosmic-ray soil moisture varied from 0.09
to 0.44m3 m~3 with average and standard deviation soil moisture
value of 0190 m3 m~3 and 0.042 m? m—3, respectively. Furthermore,
the time series of the cosmic-ray soil moisture product was under-
estimated for the first three-month period while it was overesti-
mated for the second three-month period (Fig. 9).

To isolate the hydrogen presence from vegetation effects, a
biomass correction process following the method proposed in
Baroni and Oswald (2015), was applied to the cosmic-ray soil mois-
ture estimated from the best calibration solution. The result ob-
tained using the vegetation correction revealed a better cosmic-
rays soil moisture product, as indicated by the significant decrease
in RMSE from 0.035 to 0.013m3m~3 when comparing time se-
ries of cosmic-ray soil moisture applying biomass correction and
in-situ weighted soil moisture (Fig. 9). Although there was little
fluctuation in the corrected cosmic-ray soil moisture, the dynam-
ics followed the trends of time series weighted average soil mois-
ture from FDR network, and responded well to the rainfall. There-
fore, the biomass correction successfully mitigated the vegetation
effects on the CRNP at the SM-FC site.

4.6. Stability analysis of cosmic-ray soil moisture

To evaluate whether soil moisture estimated from the CRNP
can represent an area with a high degree of the heterogeneity at
the SM-FC site, we performed a temporal stability analysis for the
best CRNP-based soil moisture product and the depth-weighted

50

40
30 4
|
20 4 |
= FDR7
~ 10
X
;’ 0 T I
E ! l
© -10
S CRNP
20 DR ror3 R4
430 FDR 9
FDR 6
40{ FDR5 | eMRD  mITS |
-50
1 2 3 4 5 6 7 8 9
Rank of MRD

Fig. 10. Values of Mean Relative Difference (MRD) in rank and Index of Temporal
Stability (ITS) for the temporal stability analysis of CRP and stations of the FDR soil
moisture network.

soil moisture measurement from each station in FDR sensor net-
work. The MRD and ITS values for all stations are shown in Fig. 10.

The results of the temporal stability analysis indicated that the
MRD values ranged from —23.7% (FDR 5) to 32.3% (FDR 7), SDRD
values ranged from 6.9% (CRNP) to 23.1% (FDR 9), and ITS ranged
from 7.4% (CRNP) to 33.6% (FDR 7). In this study, we selected the
time stable locations based on considering soil moisture stations
with lowest values of ITS. In particular, two single soil moisture
measurements, which provided the lowest ITS values during the
study period, were the CRNP (7.4%) and FDR 8 (11.9%). In the case
that cosmic-ray soil moisture is not considered, FDR 8 was selected
as the representative location for field mean soil moisture estima-
tion of the SM-FC site. Nevertheless, the lowest ITS value was pro-
vided by the cosmic-ray soil moisture when the CRNP was consid-
ered, demonstrating that the field mean soil moisture at the SM-FC
site can be represented a single soil moisture observation gener-
ated from the CRNP. In addition, to evaluate the performance of the
cosmic-ray soil moisture and the time stable location in estimating
field average soil moisture at the SM-FC site, a comparison of soil
moisture measurements at the CRNP and the FDR 8 with the field
average soil moisture was implemented with regard to R and RMSE
(Fig. 11). The results inferred from Fig. 11 indicated that the CRNP
can provide better field mean soil moisture, resulting in higher ac-
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Table 5

Contribution of weight added to the corresponding measurement depth of the FDR stations within the

CRNP footprint.

FDR Station

Distance r (m

)

Measurement depth

Percentages of weights (%)

Linear weighting

Non-linear weighting

FDR 3

FDR 4

FDR 5

FDR 6

FDR 7

FDR 8

FDR 9

107.4

157.4

113.0

94.3

10cm
20cm
30cm

10cm
20cm
30cm

10cm
20cm
30cm

10cm
20cm
30cm

10cm
20cm
30cm

10cm
20cm
30cm

10cm
20cm
30cm

94.9 68.8
51 211
0.0 10.1

78.4 62.4

21.6 289
0.0 8.6

65.8 51.9

23.2 26.0

11.0 221

75.2 60.3

243 29.2
0.5 10.5

90.6 60.2
9.4 30.5
0.0 9.3

82.6 68.9

17.4 231
0.0 8.0

90.7 74.5
9.3 19.5
0.0 6.1

curacy (R=0.91, RMSE =0.019m3 m~3), compared to that of FDR 8
(R=0.86, RMSE =0.025m3 m~3). These results also demonstrated
that the CRNP outperformed the representative location in estimat-
ing field mean soil water content at the SM-FC site.

5. Discussion
5.1. Weighting approaches

Results from the comparison of weighted average soil moisture
time series and from the calibration and validation demonstrated
that a better performance was achieved with the linear weight-
ing approach for our field site. Table 5 provides the contribution
of weights added to each measurement depth at each FDR station
within the CRNP footprint. As shown in Table 5, while the linear
depth weighting approach did not take into account most weights
in the deeper soil layers (30cm), the non-linear depth weighting
approach added much larger weights for the 30-cm soil moisture
measurements, which caused higher weighted average soil water

content within the footprint. It is worth noting that the neutron
flux is more sensitive with the first 10 cm soil layer, so that quan-
tifying the deeper layer in ground-based soil moisture network
tends to present a mismatch on the vertical scale.

The difference between applying the linear and non-linear func-
tion can be also explained in terms of horizontal scale. The per-
centages of weights contributed to each FDR station as a function
of distances between FDR stations and the CRNP are shown in the
Fig. 12. The non-linear function produced much higher weights at
FDR stations within a radius of 50m compared to remaining sta-
tions (Fig. 12). At our field site, only the closest station, FDR 7,
was located within the 50m radius; therefore, the weighted av-
erage soil moisture employing a distance-weighting function was
more likely to follow soil moisture pattern observed at station FDR
7. However, as shown in Fig. 10, station FDR 7 was the less sta-
ble location within the FDR network of the SM-FC site during the
study period, especially when a high degree of soil moisture het-
erogeneity was present. As a result, computing the weighted av-
erage soil moisture primarily based on the single, non-stable lo-
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cations would not have produced a good performance. Although
the linear weighting approach also considered more weights to the
closest stations, the difference in their weights was not as large as
in the non-linear approach (Fig. 12). This result suggested the lin-
ear weighting method was preferable for our highly heterogeneous
SM-EC site.

It is worth noticing that the footprint coverage of soil moisture
monitoring network can contribute significantly to the explanation
of neutron signal, resulting in the quality of cosmic-ray soil mois-
ture products (Schron et al., 2017). Since the in-situ soil moisture
network at the SM-FC site may not fully cover the CRNP footprint
due to an unavailability of appropriate soil samples obtained close
to the CRNP and the detailed empirical data on vegetation height,
the effectiveness of non-linear weighting approach was reduced.
This led to a lower performance of the non-linear method in pro-
ducing a weighted average soil moisture product at the heteroge-
neous forest SM-FC site, despite its promising potential.

5.2. Calibration considering soil wetness conditions

The differences in calibration results between different soil wet-
ness conditions revealed that the shape of the Ny calibration func-
tion is variable (Fig. 6), which led to the differences resulted in
time series of volumetric soil water content. This highlighted the
soil moisture spatial variability at a heterogeneous area, especially
in some specific conditions (Franz et al., 2013b; Heidbuchel et al.,
2016). Moreover, the evaluation of different calibration schemes
demonstrated the better performance of the dry condition-based
calibration in generating soil moisture products compared to the
wet condition-based calibration. This was due to the fact that few
hydrogen pools present during dry conditions, therefore, capturing
the calibration point of the soil water content signal was associated
with fewer uncertainties. Better validation results were obtained
with the linear weighting method compared to the non-linear
function. Because the non-linear weighted soil moisture from FDR
network provided higher soil moisture values even with similar
soil wetness levels, the better performance of the linear approach
demonstrated that the precision of calibration results was highly
depended on the soil moisture values on calibration days. These
results suggest that it is feasible to generate a good cosmic-ray
soil moisture product when the preferable wetness condition is se-
lected. In terms of our experiment site, calibrations considering dry

conditions are likely to produce better soil moisture products from
cosmic-ray neutrons.

5.3. Time series of cosmic-ray soil moisture

The dynamics of soil moisture patterns estimated from both
the FDR sensor network and the CRNP were highly responsive to
rainfall data during the same study period. However, in term of
small rainfall event, the cosmic-ray soil moisture showed stronger
response compared to the weighted average soil moisture. These
results revealed the high sensitivity of fast neutrons signal to the
first centimeters of the soil surface as well as to rainfall intercep-
tion compared to the FDR sensor measurement (Franz et al., 2012).
Moreover, since the FDR sensors only measure soil moisture at
a specific installation depth, the mismatch of vertical representa-
tiveness caused the discrepancies between cosmic-ray soil mois-
ture and in-situ observation, which resulted in a higher variation
of cosmic-ray soil in comparison with the weighted average soil
water content from the FDR network.

The significantly strong variation in cosmic-ray soil moisture
compared to the FDR weighted average soil water content is likely
due to the large number of hydrogen sources present at our study
area. The CRNP-based soil water content time series underesti-
mated the weighted average soil moisture from the FDR network
during the first three-month period, and overestimated in the
second three-month period. There was a larger rainfall amount
(273mm in three months for the second period compared to
193 mm in three months for the first period) and the vegetation ef-
fects during the growing season were present in the second period.
In particular, the biomass water and rainfall intercepted by vegeta-
tion made a confusing hydrogen signal from cosmic-ray neutrons,
resulting in an increase of soil moisture content over the second
period (Baroni and Oswald, 2015). These results were also strongly
consistent with the finding reported in Coopersmith et al. (2014),
where larger Leaf Area Index (LAI) values corresponded to over-
estimates of COSMOS soil water content and vice-versa. Moreover,
some fluctuations in cosmic-ray soil moisture pattern which is not
related to rainfall events could be related to the high variation of
atmospheric pressure observed over the study area.

5.4. Evaluating the representativeness of cosmic-ray soil moisture

The better performance of soil moisture retrieved from the
CRNP in a temporal stability analysis at the SM-FC site demon-
strated the feasibility of cosmic-ray soil moisture in representing
the field-averaged soil moisture for a heterogeneous study area.
Undoubtedly, with a CRNP footprint radius of hundreds meters,
the cosmic-ray neutrons showed a robustness in providing a reli-
able soil moisture product over a larger scale compared to a point
measurement from each FDR station, despite conducting in a het-
erogeneous area. On the other hand, cosmic-ray neutrons sens-
ing is a non-invasive technique and less dependent on soil type
(Zreda et al., 2008); therefore, the variation in different soil tex-
tures is not usually quantified in CRNP observations compared to
other in-situ soil moisture measurements. Furthermore, that the
cosmic-ray soil moisture outperformed the time stable location
represented by a single FDR station in measuring field mean soil
moisture at the SM-FC site revealed that the application of biomass
correction to cosmic-ray soil moisture was successfully mitigated
the heterogeneity at the experiment site, which is mostly due to
the dense distribution of vegetation.

6. Conclusion

In summary, this study was conducted to evaluate preliminary
cosmic-ray soil moisture products in the Korean peninsula. Specif-
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ically, the basic purposes of this study were to: (1) investigate the
potential application of two horizontal-vertical weighting methods,
the linear and non-linear approaches, with respect to the specific
characteristics of SM-FC site; (2) evaluate the performance of dif-
ferent calibration approaches based on selecting distinct soil wet-
ness conditions to produce the preliminary cosmic-ray soil mois-
ture product in the Korean peninsula; and (3) demonstrate the rep-
resentativeness of our preliminary cosmic-ray soil moisture prod-
uct over an area with a high degree of heterogeneity.

Regarding the comparison of the two proposed soil moisture
weighting methods for the FDR sensor network, the linear weight-
ing approach provided a better performance than the non-linear
approach with respect to our study area, the SM-FC site. The
results retrieved from evaluating the different calibration cam-
paigns based on selecting different soil wetness conditions re-
vealed that calibration considering drier conditions outperformed
wetter conditions. A comparison of the cosmic-ray soil moisture
utilizing dry condition-based calibration showed reasonable agree-
ment with the linear weighted average soil moisture estimated
from the FDR sensor network, with RMSEv=0.035m3m~3, and
bias=—0.003 m3 m~3; while the worst calibration solution at the
wettest conditions indicated RMSE and bias values of 0.077 and
0.063 m3 m—3, respectively. The application of a biomass correc-
tion mitigated the hydrogen presence in vegetation water at the
densely forested SM-FC site, significantly improving the accuracy of
estimated cosmic-ray soil moisture when the RMSE reduced from
0.035 to 0.013m3 m~3. Finally, the results of the temporal stabil-
ity analysis demonstrated the representativeness of cosmic-ray soil
moisture over an area with a high degree of the heterogeneity,
compared to single measurements from FDR stations.

This is a preliminary investigation of cosmic-ray soil moisture
conducted in Korean peninsula; therefore, the general calibration
method was adopted. This study has several limitations such as
lack of appropriate in-situ soil moisture measurements close to the
CRNP and detailed vegetation data which limited the robustness
of the non-linear weighting approach at the heterogeneous forest
SM-FC site. However, this study may give a new insight to cali-
brate and validate the CRNP over existed soil moisture experiment
sites. Further studies will attempt to focus on improving our soil
moisture monitoring network to enhance the application of non-
linear weighting method for producing a better soil moisture from
cosmic-ray neutron measurements at the SM-FC site.
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