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Abstract
Cosmic-ray neutron intensity is inversely corrafate all hydrogen present in the upper decimeteteosubsurface and

the first few hectometers of the atmosphere abloegytound surface. This correlation forms the lidigsbe cosmic-ray
neutron soil moisture estimation method. The meiepHowever, complicated by the fact that sevieydrogen pools other
than soil moisture affect the neutron intensityotder to improve the cosmic-ray neutron soil moistestimation method
and explore the potential for additional applicati&knowledge about the environmental effect on cosay neutron
intensity is essential (e.g., the effect of vedematlitter layer and soil type). In this study thevironmental effect is
examined by performing a sensitivity analysis usiegtron transport modeling. We use a neutron pamsnodel with
various representations of the forest and diffepamémeters describing the subsurface to matchureshheight profiles
and time series of thermal and epithermal neutntensities at a field site in Denmark. Overall, mled thermal and
epithermal neutron intensities are in satisfactmseement with measurements, yet, the choice e$f@anopy
conceptualization is found to be significant. Madglresults show that the effect of canopy inteticep soil chemistry and
dry bulk density of litter and mineral soil on neart intensity is small. On the other hand, the reeuintensity decreases
significantly with added litter layer thicknesspesially for epithermal neutron energies. Forestrzss also has a
significant influence on the neutron intensity hetigrofiles at the examined field site, alterindhothe shape of the profiles
and the ground level thermal-to-epithermal neutadio. This ratio increases with increasing amowftsiomass, and was
confirmed by measurement from three sites repriggpagricultural, heathland, and forest land co®emuch smaller
effect of canopy interception on the ground lebhertmal-to-epithermal neutron ratio was modeled.r@lighe results
suggest a potential to use ground level thermalpithermal neutron ratios to discriminate the aftégaifferent hydrogen

contributions on the neutron signal.

1. Introduction
Soil moisture plays an important role in water anérgy exchanges at the ground-atmosphere intetfates difficult to
measure at the intermediate spatial scale (hec&g)efhe cosmic-ray method has been developeidciomvent the
shortcomings of existing measurement proceduresdibmoisture detection at this scale (e.g. Zretdal. (2008) and Franz
et al. (2012)). The cosmic-ray neutron intensity (ange) at the ground surface is a product oeteeental composition
and density of the surrounding air and soil matdydrogen is an essential element controlling reeutransport because of
its physical properties and often relatively higincentration close to the land surface. As a reselitron intensity is

inversely correlated with the hydrogen contenthef surrounding hectometers of air and top decimetethe ground
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(Zreda et al., 2008). Since soil moisture oftemf®ithe major dynamic pool of hydrogen within thetfiint of the

detector, neutron intensity measurements have foegwl to be suitable for soil moisture estimation.

Nonetheless, cosmic-ray neutron intensity detealsa holds a potential for estimating the remajrpools of hydrogen
(Zreda et al., 2008; Desilets et al., 2010). Hyerogs stored statically in water in soil mineratsl duildings/roads, quasi-
statically in above and below-ground-biomass, agjanic matter, snow and lakes/streams, or dyndiyicasoil water,

atmospheric water vapor and canopy interceptedtation (see Table 1).
Table lisinserted here

To date, studies have primarily aimed to advaneetsmic-ray neutron method for soil moisture estiom by

determining correction models to remove the eftdéather influencing pools of hydrogen.

Rosolem et al. (2013) examined the effect of atrhesp water vapor on the neutron intensity (witlergmes 10-100 eV; 1
eV = 1.6*10" J) using neutron transport modeling and presemt@ethod to rescale the measured neutron intewsity
reference conditions. This correction for changeatimospheric water vapor has become a standacéguoe for the
preparation of cosmic-ray neutron data along wittrections for temporal variations in barometrieggure and incoming

cosmic radiation (Zreda et al., 2012).

Several studies have focused on improving theadlibration parameter used for soil moisture estiom at forest field sites
but also at high-yielding crop field sites like mai Bogena et al. (2013) demonstrated the impaogtahincluding the litter
layer in the calibration for cosmic-ray neutronl odisture estimation at field locations with arsfgcant litter layer.
Furthermore, the fNcalibration parameter obtained from field measumets was found to decrease with increasing biomass
(Rivera Villarreyes et al., 2011; Hornbuckle et aD12; Hawdon et al., 2014; Baatz et al., 20Ibprber to account for

this effect Baatz et al. (2015a) defined @lidsed correction model to remove the effect ofrlaiss on the neutron intensity
signal. A similar correcting approach to improve ttosmic-ray neutron soil moisture estimation methy removing the
influence of biomass and snow was presented by &tiah (2016). However, the study distinguishsslitby considering
the ratio of the neutron intensity measured bybttwee detector and the moderated detector instet afffect on the N
parameter. lwema et al. (2015) and Heidbiichel.é2@lL6) applied the f\calibration function and obtained improved
cosmic-ray neutron soil moisture estimates by perfiog more than one calibration campaign per fgitd and defining a
site-specific calibration function. Heidblchel £t(2016) speculate that the curve shape of thedsta N calibration
function is insufficient at the studied forest figdite because of the presence of a litter laydrspatially heterogeneous soil
moisture conditions within the neutron detectortjpoimt. A different approach was presented by Fretral. (2013b). Here

a universal calibration function was proposed wisegarate estimates of the various hydrogen postle imcluded for

cosmic-ray neutron soil moisture estimation.

Few studies have explored the potential of usiegctsemic-ray neutron method for applications othan soil moisture.

Desilets et al. (2010) distinguished snow and eaients using measurements of two neutron energyshand Sigouin and
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Si (2016) reported an inverse relationship betwsramw water equivalent and the neutron intensitysuesl using the
moderated detector. Franz et al. (2013a) demoaesdteat approach to isolate the effect of vegetaiiothe neutron
intensity signal and estimated area average biomats equivalent in agreement with independentsonegnents. The
signals of biomass and canopy interception on pautrtensity, measured using the moderated detdwwe been
investigated by Baroni and Oswald (2015). They anted the higher soil moisture estimated usingctigmic-ray neutron
method compared to the up-scaled soil moisture unedsat point-scale to be the impact of canopyréefetion and

biomass. The two pools of hydrogen were then s&dia accordance to their dynamics.

The ability to separate the signals of the diffetgyrdrogen pools on the neutron intensity is valedloth for the
advancement of the cosmic-ray neutron soil moiststanation method and for the potential of add#ilcapplications. The
potential of determining canopy interception anochiéss from the cosmic-ray neutron intensity imbdriest as they
represent essential hydrological and ecologicabb#es. Both are difficult and expensive to measunginuously at larger

scales.

Canopy interception is for some climatic and envinental settings an important variable to includeater balance
studies, as well as in hydrological and climatatagjimodeling. For the forest site studied herectm@py interception loss
was found to be 31-34% of the gross precipitatRimggaard et al., 2014). A common method to estnahopy
interception is by subtracting the precipitationasiered at ground level below canopy (throughfadlirf precipitation
measured above the forest canopy (gross precgujatising standard precipitation gauges. Howewerspatial scale of
measurement is small and is not representativargét areas as the canopy interception is highgrbgeneous. In order to
obtain a representative measure of canopy intéoseptultiple throughfall stations must be install&tiis is labor intensive
and measurement uncertainties are significantipttaiton underestimation due to wind turbulencettimg loss, and forest

debris plugging the measurement gauge at the filoestare sources of uncertainty (Dunkerley, 2000)

The forest biomass represents an important resdor¢ienber industry and renewable energy. Furttenforest modifies
the weather through the mechanisms and feedbaleitedeo evapotranspiration, surface albedo angmoess. Carbon
sequestration by afforestation and an effectivefomanagement is a widely used method to dectieas®mncentration of
carbon dioxide in the atmosphere and thereby adterthe greenhouse effect (Lal, 2008). The carbguoestration in
vegetation can be quantified by monitoring the ghoaf biomass over time. The most conventional acwlirate method to
estimate forest biomass is the use of allometridetedescribing the relationship between the bisnods specific tree
species and easily measurable tree parametersasue height and tree diameter at breast hglghkins et al., 2003).
However, this approach is time consuming and lattensive because numerous trees have to be sdriebtain
accurate and representative results (Popescu, .ZR8ifjote sensing technology offers alternative nugho estimate
biomass as high correlations are found betweenrspéands and vegetation parameters. One metlmddprg high
resolution maps is airborngght Detection And Rangin@.iDAR) technology (Boudreau et al., 2008). Th®KR system

is installed in small aircrafts and digitizes tivstfand last return of near-infrared laser reaogdi The canopy height can be
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obtained at decimeter grid-size scale and the bdsman be estimated from regression models. Institgvand aircraft-

surveys are expensive, and measurements of treghgvall often be at a coarse temporal resolution.

This study is an initial step towards reachingdkierall objective of improving the cosmic-ray neutisoil moisture
estimation method, especially at field locationthvéeveral pools of hydrogen. Furthermore, we wasihvestigate the
potential of biomass and canopy interception egtonaising the cosmic-ray neutron intensity measem®ts. Here, the aim
is to address this goal using only cosmic-ray reeutintensity measurements and not auxiliary infdroma(e.g., biomass

measurements using allometric models and tree gsirve

Previous studies examining the effect of hydrogerasmic-ray neutron intensity has for most casesidered a single
neutron energy range (neutron intensity measuried) tise moderated neutron detector) at a singlightégvel (typically
1.5 m above the ground). Thermal and epithermairoes are both sensitive to hydrogen. However, Hreycharacterized
by very different physical properties and reactiatterns resulting in different height profiles vasll as unique responses
to environmental settings at the immediate grounabaphere interface. For this reason, thermal aithermal neutron
intensity at multiple height levels above the grbsnrface are considered in this study as the auatibn may provide
additional information. Furthermore, neutron trastspodeling sets the basis for this study. Neutransport modeling of
specific sites is limited and has only been perfifor non-vegetated field sites (Franz et al. 30Andreasen et al.,
2016). In this context, forest sites are espec@iyiplex to conceptualize as the number of frearpaters is relatively
high (e.g. biomass, litter, soil chemistry, intgatten and the structure of the forest). Here, w& focus on modeling a
forest field site. The model is developed from nueed soil and vegetation parameters at the spdeoifality. The modeled
neutron intensity profiles are evaluated againsfilermeasurements, and time-series of neutromgitye measurements at
two heights. Following, the environmental impacttbarmal and epithermal neutron intensities aratiied and
quantified by applying a sensitivity analysis. Térevironmental impact refers to the effect of thecsfic properties and
settings of the field site on neutron transportisThcludes vegetation, litter, soil compositiorddayers, and canopy
interception. For the sensitivity analysis, one poment at the time is changed in the model andéhesitivity of the
component is quantified by calculating the chamgéné neutron intensity relative to a reference ehddeasurements at an
agricultural field site with no biomass and at ather field site with a smaller amount of biomasswsed to underpin the

influence of certain environmental variables (ebgpmass, litter layer).

To our knowledge this is the first study based othlmeasurements and modeling which provides atijatwve analysis of

the potential of using the cosmic ray techniquesktimation of interception and biomass.

2. Method

2.1, Terminology and neutron energies
The energy of a neutron determines the probalufithe neutron interacting with other elements tredtype of interaction

(i.e. absorbing or scattering). Overall, an impotrtareshold for the behavior of low energy neusr@npresent at energies
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somewhere below 0.5 eV. The specific energy ranfidsermal, epithermal and fast neutrons are anthiguFor the

purpose of this paper the following terminology fautron energies is used:

- Thermal: Energy range 0 — 0.5 eV
- Epithermal: Energies above 0.5 eV

- Fast: Energy range 10 - 1000 eV

When modeling neutron transport for hydrologicgblagations it is common to consider fast energygesn(10 — 100 eV or
10 — 1000 eV) (Desilets et al., 2010; 2013; Rosctem., 2013; Franz et al., 2013b; Kohli et ab12), while
measurements using standard soil moisture neutrtatibrs are sensitive to the entire epithermaiggrm@ange (Andreasen
et al., 2016). Here, the term epithermal neutroitidae used for both measured neutrons of energiese 0.5 eV and

modeled neutrons of energies 10 — 1000 eV.

The probability of absorption reactions is gre&eithermal neutrons, while the probability of seaihg reactions is greater
for neutrons of epithermal energies. For this reakermal and epithermal neutron height profiles\ary different at the
ground-atmosphere interface. The epithermal neumtemsity increases with height above the grounthse as the
neutrons at higher elevations have been scattessdthan neutrons closer to the ground surfacepiidiction rate of
thermal neutrons is high in the soil and low in #ire This is related to the high density of thé and the low density of
air. The absorption rate of thermal neutrons isifizant in both the ground and in the air. In #ig this is due to the
presences of nitrogen. This results in a decreabigignal neutron intensity with height until appiragtely 150 m at which
point the thermal neutron intensity is unaffectgdte soil. Above this point the thermal neutroteisity will increase

with height following a similar curve as neutrorfshher energies.
2.2. Cosmic-ray neutron detection

2.2.1. Equipment
Cosmic-ray neutron intensity was measured usin@fR&000/B system from Hydroinnova LLC, Albuquerghiew
Mexico. The system has two detectors that consisthes filled with boron-10 (enriched to 96%) luifride (°BFs)
proportional gas. The neutron detection relieshert®(n,a)Li reaction for converting thermal neutrons int@ajed
particles &) and then into an electronic signal. One detdstanshielded (bare detector), while the othehislded by 25
mm of high-density polyethylene (moderated detgcithiese different configurations give the bare amudlerated tubes

different energy sensitivities.

The thermal neutron absorption cross-sectiofi®is very high (3835 barns) (Sears et al., 1998)s Bbsorption cross-
section decreases rapidly with increasing neutnamgy following a 1/E° law (where Eis neutron energy) (Knoll 2010).
Therefore, the energies measured by the bare tuhprése a continuous distribution which is heawlighted toward
thermal neutrons (<0.5 eV), with a small proportidrepithermal neutrons also being detected (<1@jireasen et al.,
2016).
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The moderated detector is more sensitive to highatron energies (> 0.5 eV). The purpose of thggtlbylene is to slow
(moderate) epithermal neutrons through interactisitis hydrogen in order to increase the probabiityhem being
captured by°B in the detector. At the same time the polyethglatienuates the thermal neutron flux through oeutr
capture by hydrogen. Nonetheless, still a larg@@mion originates from below 0.5 eV (approximatéBf6 of the thermal
neutrons detected by the bare detector) (Andregisaln, 2016).

Obeying Poissonian statistics (Knoll 2010) thetreéameasurement uncertainty of a given neutroenisity, N, decreases

with increasing neutron intensity as the standandation equals Rf.

The measured neutron intensities are correcteddfoations in barometric pressure, atmospheric meaipor and incoming
cosmic-ray intensity following procedures of Zreztal. (2012) and Rosolem et al. (2013). Unfortalyathe water vapor
correction of Rosolem et al. (2013) is only vall &pithermal neutron measurements. Since the clevednt of correction
methods is beyond the scope of this study, weirefdafrom using a vapor correction for the meastinedmal neutron
intensities. From preliminary modeling conductedliny authors and R. Rosolem (personal communicaiabb) we
believe that this missing correction will only haareninor effect on our results (Andreasen et 8l1,62. Nevertheless, we
suggest that future studies should investigatetfeet of water vapor on thermal neutron intensitad develop

appropriate correction methods.

2.2.2. Purethermal and epithermal neutron detection
We expect thermal and epithermal neutrons to haigue responses to environmental properties atihget Therefore, it
is important to consider pure signals of thermal epithermal neutrons, and not simply the raw reuitntensity signal
measured by the bare and moderated detectorsdén tar limit the epithermal and thermal neutrontdbntion to the bare
and the moderated detectors, respectively, weheseadmium-difference method (Knoll, 2010; Glasstand Edlund,
1952). The thermal absorption cross-section of ¢aanis very high (approximately 3500 barns) for tnen energies
below 0.5 eV. The cross-section drops to approétyd.5barns at neutron energy 0.5 eV and remains low witeasing
neutron energies. Thus, a cadmium shielded neditector only measures neutrons of energies higher0.5 eV. The
epithermal neutron intensity was measured fromdandam shielded moderated detector, while the thenmatron
intensity was calculated by subtracting the neuintensity measured by the cadmium-shielded baectte from the
neutron intensity measured by the bare detect@h{alded). The cadmium-difference method is desdrib Andreasen et
al. (2016) in detail.

Appropriate neutron energy correction models weiad in order to obtain pure thermal and puréhepmal neutron
intensity measurements for the time periods whercddmium-difference method was not applied (Argkraet al., 2016).
The neutron energy correction models were obtafireed field campaigns applying the cadmium-differemsethod on

bare and moderated detectors at various locattaight levels and land covers).
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2.2.3. Footprint
The footprint of the bare detector is unexplainekile the footprint of the moderated detector watetmined from
modeling by Desilets and Zreda (2013) and Koh#lef2015). However, the findings of these two &advere
inconsistent. Desilets and Zreda (2013) used thaoe transport code Monte Carlo N-Particle eXteh@CNPx) and
found the footprint to be nearly 600 m in diamétedry air, while Kohli et al. (2015) using the t#tRapid Adaptable
Neutron-Only Simulation (URANOS) estimated the foatt to be 260 — 480 m in diameter depending enaih humidity,
soil moisture and vegetation. The potential misimatcthe footprint of the bare and the moderatedaters is a concern
when combining the neutron intensity measuremétgsertheless, the environmental conditions atitid sites are fairly
homogeneous and although the footprint might bierdint we assume as a first approximation thahtheron intensity

measured using the bare and the moderated detactocemparable.

2.24. Field measurements
Three field sites are used in this study; the prinséte is Gludsted Plantation, and two secondiaeg sre Voulund
Farmland and Harrild Heathland. The three sitesatilecated within the Skjern River Catchmentlie Western part of
Denmark and represents the three major land ugs {figure 1) of the Danish hydrological obserwa{efOBE) (Jensen
and lllangasekare, 2011). The sites are situatad atevation of approximately 50 - 60 m aboveleeal on an outwash
plain from the last glaciation composed of nutrigepleted sandy stratified soils. Harrild Heathlantbcated 1 km south

of Voulund Farmland, both approximately 10 km wafsGludsted Plantation.
Figure lisinserted here

Gludsted Plantation forest field site (56°04'24"@06"E) is situated within a coniferous foresarghtion covering an
area of around 3500 ha. The trees of the plantatierdensely planted in rows and are in generaposed of Norway
spruce with small patches of Sitka spruce, Lareh@ouglas fir. Within the field site area (38 hilag trees were estimated
to be up to 25 m high and the dry above-ground bisto be around 100+46 t/ha (one standard dewjaiging LIiDAR
images from 2006 and 2007 (Nord-Larsen and Schuena2i12). The dry below-ground biomass was caledlto be 25
t/ha using a root-to-shoot ratio (the weight of thets to the weight of the aerial part of the trfee Norway spruce of 0.25
(Levy et al., 2004). Information on the vegetatatrihe forest field site (e.g. tree species, dgeights and trunk diameters)

is acquired from a register managed by the Danestufd Agency (representative of the 2012 condi}iosee Table 2.
Table 2 isinserted here

In Scandinavian forests around 79% of the totalelground biomass of Norway spruce is stored withentree trunks.

The remaining 21% is found in the branches andleedtermedoliage). A typical density of the tree trunk is 0.83 gtm
(Serup et al., 2002). The major component of the biomass is cellulose d,,0s) and represents around 55% of the total
mass, while the remaining 45% is vegetation wegeryp et al., 2002). Based on these approximatibasyet above- and

below-ground biomass at the field site area atienastd to be 182 t/ha and 45 t/ha, respectivelyh\Wileaf area index
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(LAI) of 4.5 and a canopy interception capacityffioeent of 0.5 mm/LAl (Andreasen et al., 2013) tlaximum storage of

canopy intercepted rain is estimated to be 2.25 mm.

Soil samples were collected within the footprintteé cosmic-ray neutron detector on August 26 213 following the
procedure of Franz et al. (2012). Based on thesgles the organic rich litter layer is found to%e 10 cm thick. The dry
bulk density of the litter and mineral layer arécoéated by oven-drying the soil samples (TableaBy the soil organic
matter content of the mineral soil is determinexrfithe loss-on-ignition method (16.9% in 10 - 20d=pth and 7.6% in
20 - 30 cm depth). A time series of volumetric sndisture is calculated from cosmic-ray neutroemsity, starting in
spring, 2013, using the standargiiNethod as presented in Desilets et al. (2010}l\,abe chemical composition of the
soil matrix is estimated for two random soil sanspiellected at 20-25 cm depth using ¥eay fluorescencéXRF)

analysis (Table 3).
Table 3isinserted here

The element Gadolinium (Gd) can have a signifitapact on thermal neutron intensity even at lowosmnrations due to
its very high absorption cross-section of 4900(b4l barn = 18" cn?). The detection limit of the XRF in this study56
ppm for Gd. The two soil samples from Gludsted ®ion both have Gd concentration below the datadtmit of the
XRF. Inductively coupled plasma mass spectromé@?{MS) detects metals and several non-metalsratsreall
concentrations and was used to characterize thelsanistry of a nearby field site with similar sobnditions (Salminen et
al., 2005). A Gd concentration of 0.51 ppm was fbahthat site and we assume this value to be septative of the

conditions at Gludsted Plantation.

Gludsted Plantation is a heavily equipped resefietthsite with a 38-m high tower for measuremaaitsultiple heights
within the forest canopy. At Gludsted PlantatioR1X000/B systems were installed at ground level i l3eight) and
canopy level (27.5 m height) in the spring of 20#8urly neutron intensities have been continuodstyected (Andreasen
et al., 2016) except for short periods where thiealers were used for other types of measuremerntaring times of
malfunctions. Neutron intensity profiles extendfngm the ground surface to 35-m-height above tloeigd were measured
at approximately 5 m-increments during two fieldnpaigns on November 28 — 29, 2013 and March 12 2Q%4. In order
to obtain comparability between measurements ardgetimg pure thermal and epithermal neutron signaise estimated
using neutron energy correction models on measurenfimm bare and moderated detectors, respectiBeth the time-
series and neutron height profile measurements emrected. Additionally, during the field campaign March 12 -14,
2014 an epithermal neutron intensity profile (withthermal contribution) was measured using a cadmnshielded
moderated detector (Andreasen et al., 2016). Fopitbfile measurements neutron intensities wererded at a 10-minute
time resolution. As the thermal neutron intensiégi@ases significantly with height we choose terdtthe time of
measurement with the height level to maintain adma consistent measurement uncertainty. The vdtios®il moisture

estimated from the cosmic-ray neutron intensitye(#r et al., 2008) was 0.18 m* during both field campaigns.

Page 9 of 37



10

15

20

25

30

Voulund Farmland (56°02'14"N 9°09'38"E) is an agiftieral field site. In 2015, the fields were croppeith spring barley.
After harvest in the late summer until ploughingpring 2016 (prior to sowing) the fields were aaebwith stubble
(around 10 cm high). A 25 cm layer of relativelganic rich soil (4.45% soil organic matter) is fduat the top of the soil
column and is a result of the cultivation practiddsre information about the field site can be fdum Andreasen et al.
(2016). Ground level neutron intensities were messon September 22 and 23, 2015 at Voulund Fadr{landreasen et
al., 2016). The measurements were conducted usingare and the moderated neutron detectors ngrimsiblled at
Gludsted Plantation and data were logged everyihQtes. In order to obtain pure thermal and epitte@meutron

intensities the neutron energy correction modelevapplied.

Harrild Heathland (56°01'33"N 9°09'29"E) is a shtabd field site dominated by grasses and healter heathland is
maintained by controlled burning, yet, the fieltksairea has not recently been burnt. The orgatiditter layer is found to
be around 10 cm thick during soil sampling fieldngeigns at the field site. Due to podsolizationwa permeable hardpan-
layer hindering percolation to deeper depths isgmeat around 25-30 cm depth. In the period frartoker 27 to
November 16, 2015 the ground level thermal anchepital neutron intensity was measured directlyatildl Heathland
using the cadmium-difference method (Knoll, 2010)e cadmium-difference method was applied usinghliau@ and one
moderated detector normally installed at Gludstedt@tion. The neutron intensity was integrated rmaudrded on an

hourly basis.

2.3. Neutron transport modeling
The three-dimensional Monte Carlo N-Particle tramspode version 6 (MCNP6) (Pelowitz, 2013) simnigtthermal and
epithermal neutrons is used to model the forekt §ite. The code holds libraries of measured aitsnr and scattering
cross-sections used to compute the probabilitptfractions between earth elements and neutroesMIBNP6 combines
Monte Carlo N-Particle Transport code version 5 (MR5) and Monte Carlo N-Particle Extended Radialicensport code
(MCNPX). MCNPX has been used for most neutron rartsmodeling within the field of hydrology (Desdliteet al., 2013;
Rosolem et al., 2013; Zweck et al., 2013). Howetlex,improved and more advanced MCNP6 has rechady
introduced. This updates version provided mordstahneutron intensity profiles for Voulund Farmthfield site
(Andreasen et al., 2016).

The number of particle histories released at tieceof the upper boundary of the model domaimpécHied to obtain an
uncertainty below 1%. The released particles regmtes distribution of high-energy particles typif the spectrum of
incoming cosmic-rays traveling through the atmosph&he modeled neutron intensities are normalgarclinit source
particle providing relative values (Zweck et aD13). In order to obtain values comparable to messants conversion
factors are used (Andreasen et al., 2016). Thearsion factors 3.739x1band 1.601x18 are multiplied by the modeled
thermal neutron fluences in the energy range obD(®b-eV and epithermal neutron fluences in theggneange 10 — 1000
eV, respectively. We stress that, the conversiotofa are detector-specific as well as dependetti@horizontal area of
the model-setup in MCNP6.

Page 10 of 37



10

15

20

25

30

35

2.31. TheGludsted Plantation reference model
The model domain of MCNP6 is defined by cells afyieg geometry, and each cell is assigned a spettiémical
composition and density. The lowest 4 m of the Gled Plantation reference model consists of subsetfiyers. The
chemical composition of the mineral soil is presed according to the chemical composition from XREasurements;
assumed Gd concentration of 0.51 ppm, wet belowsgidiomass (cellulose) of 45 t/ha, dry bulk densft1.09 g crt
and volumetric soil moisture content of 0.18mi°. The litter layer is defined according to the chehcomposition of
cellulose, dry bulk density of 0.34 g €rand moisture content similar to that of mineral &ee also Table 3). The same
volumetric soil moisture was used for the whold solumn, as the volumetric soil moisture profilaswuinknown for the
days of neutron profile measurements. The atmosghaomposed of 79% nitrogen and 21% oxygen bymeland
extends from the forest canopy surface to the uppendary of the model domain at approximately 2Haight. Here, an
incoming spectrum adapted to the specific levehefatmosphere is specified (Hughes and Marsdéi)1%he density of
air is assumed to be 0.001165 gtmhroughout the domain multiple sublayers of vagyvertical discretization cover the
vertical extent of the model in order to recordtneni intensities at multiple heights and depthsftbe ground surface.
The thickness of the layers decreases with proyitnithe ground surface ranging in thickness fro@28 m to 0.20 m for
the subsurface layers and from 1 m to 164 m foldpers above the ground surface. The neutronsitiedetectors are
represented by 1-m-high layers extending the &tiérial model domain (400 m x 400 m) and are used fhe ground to 28
m height corresponding to the measured heightde®efg surfaces constrain the model domain. Tthesparticles
reaching a model boundary will be reflected spebutzack into the model domain. Wet above-grourahiass of 182 t/ha
is distributed homogeneously within the forest ganlayers, i.e., from the ground surface to 25 mwvalthe ground (Table
4).

The proper way to conceptualize the forest canopghié model-setup is not obvious and the sensitigiforest
representation on neutron intensity is therefovestigated using four model-setups of increasingpiexity. In the first
representation (Modéloliage Figure 2B) the same material composed of celtubrsd air (foliage) is assigned all forest
canopy layers. In order to obtain a wet above-gidinmass of 182 t/ha a relatively low density @189 g crifis
calculated for the material. In order to allow oforest canopy layer to be composed of multipléenels (cellulose and
air) and densities (massive tree trunks and lessedfoliage and air), the horizontal discretizatidthe forest canopy
layers is reduced to smaller cells for the nex¢ tredel-setups. The bole of each tree is for adlemodel-setups
represented by a cylinder with a diameter of 0.14 momposition of cellulose, and a density of @&3n°. A tree is
placed at the center of each cell and extends frenground surface to the top of the forest carapsr. In the second
representation (Moddiree trunk, Air Figure 2C) the horizontal discretization of tioeelst canopy layers is set to 4.20 m by
4.20 m and the remaining volume beyond the boté®free consist of air alone (density 0.00116&g)c Thus, for this
model all biomass is stored in the bole of thedraad the cell size is adjusted to obtain a wetedgsound biomass of 182
t/ha resulting in 9070 trees within the model damé the third representation (ModElee trunk, FoliageFigure 2D) the
horizontal discretization of the forest canopy Iayis 4.72 m by 4.72 m and the remaining volumeohdythe bole of the

tree is made of foliage. As previously describbd,share of biomass stored in the tree trunk amdolrage is 79% and
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21%, respectively, typical of Norway spruce. Thiaige material is a composite of cellulose andhait the density is the
sum of the two (0.001318 g ¢in A total of 7182 trees are evenly spaced withemodel domain. The fourth and most
complex forest canopy conceptualization (Motliee trunk, FoliageFigure 2E) is equal to the Mod&tee trunk, Foliage
except that air is also included in the descriptibthe forest canopy layers and the density ofdliage is increased to
obtain the same above-ground biomass as for tlez othdels. The foliage is specified as a 1.7 nkthend around the

tree cylinder and the density of foliage mater@mhposed of air and cellulose is 0.00151 g°cm
Table 4 and Figure 2 areinserted here

2.3.2. Sensitivity to environmental conditions
The sensitivity of thermal and epithermal neutnutemsities to volumetric soil moisture is examimsthg modeling. The
volumetric soil moisture in the Gludsted Plantatieference model is specified to 0.18m’and both drier and wetter
soils are modeled to test the sensitivity, i.e50® m=, 0.10 nf m*, 0.25 ni m®, 0.35 nf m*® and 0.45 Mm™. The forest

canopy conceptualizations of Modelee trunk, Foliage, Aiand ModelFoliageare used.

The thermal and epithermal neutron intensity isaalpct of hydrogen abundance as well as elemeataposition. The
Gludsted Plantation reference model with the comfileest conceptualization (Mod&ree trunk, Foliage, Air)s used to
test the sensitivity of thermal and epithermal nauintensities to soil chemistry. It holds the mosmplex soil chemistry
(fourth order complexifywith multiple subsurface layers composed of meseoncentrations of major elements
determined by XRF, soil organic matter, gadoliniana roots (Table 3). In order to test the effediofplifying the soil
chemistry a component is excluded one at the tiheird order complexitysoil organic matter is excluded, &cond
order complexitysoil organic matter and roots are excludedir8) order complexitysoil organic matter, roots and

gadolinium are excluded, and@gre SiQ; all other components are excluded.

The sensitivity of the modeled thermal and epitt@meutron intensities to the presence of the acddter layer is
investigated using the Gludsted Plantation refexeanodel with the complex forest conceptualizatigiodel Tree trunk,
Foliage, Air), in which the thickness of the litter layer is sebe 10.0 cm. Sensitivity simulations are carpetfor the
following thicknesses of the litter layer: 0.0 c5 cm, 5.0 cm and 7.5 cm. For all litter layer miggthe total thickness of

the subsurface is kept constant at 4 m.

The materials of forest floor litter and minerall stiffer distinctly in terms of chemical compositi and dry bulk density.
The determination of dry bulk density of the twotergls is characterized by high measurement uaictyt especially for
the litter as sampling and drying is very challemgior materials including large amounts of sodamic matter (O'Kelly,
2004). Given that the elemental composition andsitigof the soil matrix is relevant for the neutiiotensity the
sensitivity of dry bulk density on thermal and apitmal neutron intensity is examined. The dry ldéksity of the
Gludsted Plantation reference model is 0.34 g funthe litter layer and 1.09 g ¢hfor the mineral soil. The Gludsted
Plantation reference model with the complex fooestceptualization (Modélree trunk, Foliage, Air)s used to test the

sensitivity applying four scenarios: 1) higher 8ok density of the litter layer (0.50 g &bn 2) higher dry bulk density of
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the mineral soil (1.60 g cf), 3) lower dry bulk density of the litter layer.20 g cn?), and 4) lower dry bulk density of the
mineral soil (0.60 g ci). All values with the exception of higher dry bulknsity of 1.60 g cififor the mineral soil
(standard value for quartz; soil particle densft? 66 g critand a porosity of 0.40) are within the range of the

measurements at the site (see Table 2).

The Gludsted Plantation reference model with thraglex forest conceptualization (ModBEiee trunk, Foliage, Air)s used
to test the sensitivity to canopy interception hgreasing the density and water content of the cascribed by foliage
material. The forest canopy of the reference misdety (foliage material density 0.00151 g &min order to test the
effect, water equivalent to 1 mm (foliage matedahsity 0.00155 g cf), 2 mm (foliage material density 0.00159 g¥m
and 4 mm (foliage material density 0.00167 g*bwf canopy interception is added to the foliagkimee. This changes

both the wet bulk density and the atomic fractibthe foliage material.

The sensitivity to biomass is investigated usirgg@udsted Plantation reference model with the dexforest
conceptualization (Modéiree trunk, Foliage, A)rand the simplified model-setup (Modebliage). The biomass of the
Gludsted Plantation reference model is equivaleat dry above-ground biomass of 100 t/ha and deligw-ground
biomass of 25 t/ha, following the root-to-shootaaif 0.25 typical of Norway spruce. This distrilmurt is used for both
model setups. For the sensitivity analysis one meidbout vegetation (Moded t/ha Figure 2A) and three models with
different amounts of biomass are used (see TablEh) forest canopy layer extending uniformly frdm ground to 25 m
above the ground surface is for the model with egetation assigned with the material compositiah@ansity of air. The
amount of biomass modeled for the three remainiadets is equivalent to a dry above-ground biom#&s$)®0 t/ha, 2)
200 t/ha, and 3) 400 t/ha. The size of the celthénforest layers and the density of the foliaggeamal are adjusted in order

to obtain the correct amount of biomass.

3. Results

3.1. Gludsted Plantation
The neutron intensity profiles for Gludsted Plaiotatare modeled using four different forest canopgceptualizations.
The model results are presented in Fig. 3 alonly tirite-series of hourly and daily ranges of theraral epithermal
neutron intensities collected at the Gludsted Rtéont during the period 2013-2015, and measurediattd thermal and
epithermal neutron intensity profiles (November 2@hd March 2014). Note that a decrease in thaexpital neutron
intensity from the ground level to 5 m above theugnd surface was measured in March 2014. Thisdssegreement with
theory (see Section 2.1.) and is expected to leswtrof measurement uncertainties. Following this$®dnian statistics the
relative uncertainty decreases with increasingmeauntensity. The relative measurement uncertastiierefore higher for
the hourly time series data than for the multi-typ(2-12 hours) and daily measurememtscordingly we choose to rely

mostly on the daily averages of time-series measerns.

Figure 3isinserted here
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Overall, time-series and profile measurements piegimilar results in agreement with theory. Therittal neutron
intensity decreases considerably with height alggeend surface and is at canopy level reduced dyrat 50% compared
to at the ground level. The epithermal neutronnsity increases slightly with height and is arod9d15% higher at the
canopy level compared to the ground level. Oveaalemarkable agreement between measured and rdadrigon
intensities is seen in Fig. 3. We stress that tibre¢ion of the governing physical properties le forest model is
performed and that the estimates are based on megstoperties. The ground and canopy level theemdlepithermal
neutron intensity for the four forest canopy conaeafization models are provided in Table 5. All retetl neutron intensity
profiles are within the range of hourly time-senesasurements, and in particular the thermal neytrofiles are in
agreement with measurements. The models of the coonplex forest canopy conceptualizations, inclgdirtree trunk,
provide similar thermal and epithermal neutron feef The ground and canopy level thermal neutntenisity of models
with forest canopy conceptualization of Modeée trunk, Foliageand ModelTree trunk, Foliage, Aiare within the daily
ranges of the time-series measurements. In contnasinodeled epithermal neutron profiles of theermmplex models
are slightly underestimated and the profile slagpstéeper than the measured profiles. Neverthélessyodeled epithermal
neutron intensity profile is still within the rargef the time-series of hourly measurements at beifjht levels. The
neutron intensity profiles of the simpler foreshopy conceptualization of ModEbliageis less steep and is the only
model providing an epithermal neutron intensityfieowithin the daily ranges of the time-series m@@ments at both the
ground and canopy level. All in all, then comparethe range of daily time-series measurementshéisefit of the thermal
measurements is found using a more complex conalktion, while the simple foliage conceptualinatimatches the

epithermal measurements better.
Table5isinserted here

In this study, a sensitivity analysis is performmsihg the most complex model to examine the effésbil moisture, soil
dry bulk density and composition, litter and mires@il layer thickness, canopy interception andhimags on the thermal
and epithermal neutron transport at the immedietargl-atmosphere interface. Since the most ap@tepiorest canopy
conceptualization is not obvious from Fig. 3 thaliest forest canopy conceptualization was alsd tsexamine the

effect of soil moisture and biomass on the neutransport.

3.2. Soil moisture
The modeled thermal and epithermal neutron intesitfiles of ModelTree trunk, Foliage, Aiand ModelFoliage using

six different volumetric soil moistures, 0.08 m™, 0.10 ni m®, 0.18 ni m*, 0.25 i m®, 0.35 M m® and 0.45 Mm?, are
presented in Figs. 4 and 5, respectively. To enadnh@parison the measurements included in Fig. &lareincluded in
Figs. 4 and 5. The sensitivity of soil moisturetbarmal and epithermal neutron intensities at tloeirgd and canopy level
relative to the ModeTree trunk, FoliageAir and ModelFoliage at reference conditions (volumetric soil moistQr&s n?

m*) is provided in Table 6.

Figure4, Figure5 and Table 6 areinserted here
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As expected, the thermal and epithermal neutransity decreases with increasing soil moisture i@ &bFigs. 4 and 5).
For both model-setups, the largest changes in arittensity occur at the dry end of the soil maistrange and for the
epithermal neutrons. For Mod€&tee trunk, Foliage, Ai(Figure 4), only a minor decrease in the sensjtiof soil moisture
on epithermal neutron intensity is observed gomgifground level to canopy level (approximately 1&uction in
intensity range corresponding to a volumetric swisture change of 0.40%m?®). On the other hand, the sensitivity of the
thermal neutron intensity is reduced more than $0&ble 6) most likely caused by the lower mean-frath length of the
thermal neutrons compared to that of epithermatroes. The model with a simple forest canopy coheajzation

provides thermal and epithermal neutron intensgligdhtly more sensitive to soil moisture (Figuje Meutron intensity at
dry and wet soil conditions is represented by #rge of time-series neutron intensity measurem@ustrall, the modeled
neutron intensities are within the measurementeamgl the more appropriate model-setup for GludBtadtation is not

obvious from the modeling results.

3.3 Subsurface properties
Thermal and epithermal neutron intensity profiles modeled using Moddlree trunk, Foliage, Aifwith fourth order
complexity and models of decreasingly complex soil. Soibaoig matter, below-ground biomass, Gd and the atedmi
composition from XRF measurements are excludedabiiee time (fronthird to first order complexityand the final model
includes a simple silica soi6{0,). The exact sensitivity of excluding the differemmponents on ground and canopy level
thermal and epithermal neutron intensity is quédifn Table 6 (see values in parentheses). Orlyd¢moval of soil
organic matterthird order complexitychanges the neutron intensity significantly atddted Plantation, i.e. an increase in

the ground level thermal and epithermal neutroenisity of 19 cts/hr (cts = counts) and 25 ctskspectively, is observed.

The thermal and epithermal neutron intensity is at®deled for a forest with litter layer of varidinécknesses (Figure
6A). The ModelTree trunk, Foliage, Aimcluding a 10.0 cm thick litter layer is usedrajowith forest models with litter

layers of 0.0 cm, 2.5 cm, 5.0 cm and 7.5 cm thiskne
Figure 6isinserted here

Neutron intensities are found to decrease witmareasing layer of litter, having the greatest iotpan the epithermal
neutron intensities (see also Table 6). Therelgythbrmal-to-epithermal neutron (t/e) ratio isr@tewhen changing the
thickness of the litter layer. This effect is mpsbnounced when the model without a litter layezampared to the model
with just a thin 2.5 cm thick litter layer. Sinceansiderable range of dry bulk density values {sgge 2) is measured
within the footprint of the neutron detector thasivity of neutron intensity to litter and minésmils dry bulk density is
examined using four model setups. Relative to thel§ed Plantation reference model higher and loxares of dry bulk
density are used. The first model includes a highgibulk density of 0.50 g cfifor the litter layer, while the second
model holds a higher dry bulk density of 1.60 g°dor the mineral soil. The third model has a low Hulk density of 0.20
g cmi® specified for the litter layer, and in the fourttodel the mineral soil is described by a low driktdensity of 0.60 g
cm?. The four model setups only provided slightly diint thermal and epithermal neutron intensities!(@ 6).

Nevertheless, a reverse response of changed buodiitigs is observed. A decrease in neutron intgisibbtained both by
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increasing the dry bulk density of the litter m&tkand decreasing the dry bulk density of the mahsoil. Conversely,
higher neutron intensities are computed by deangasie dry bulk density of the litter material andreasing the dry bulk

density of the mineral soil.

3.4. Canopy interception
The effect of canopy interception on thermal anithepmal neutron intensity is modeled using Motliede trunk, Foliage,
Air (Figure 6B and Table 6). Except for a slight i in ground level thermal neutron intensitiehwietting of the
forest canopy, no effect of canopy interceptiorgosund and canopy level thermal and epithermalroauhtensity is
observed. A maximum change of approximately 3%cf$kr) is observed for thermal neutron intensitgraund level
going from a dry canopy to 4 mm of canopy interieptAt the specific field site a maximum canopgrage capacity of
2.25 mm is expected, producing a change in obsegrathd level thermal neutron intensity of approxiety 7 cts/hr.
Given an average neutron intensity of 504 cts/lgrofind level thermal neutrons with the installetedtors, an uncertainty
of 22 cts/hr is expected based solely on Poissastatistics (see Section 2.2.1.). Thus, the sighehnopy interception is
within the measurement uncertainty, and cannotleetified at Gludsted Plantation using the avafatdsmic-ray neutron

measurements.

Although detection of canopy interception at GledsPlantation is unfavorable it may still be pokesét more appropriate
conditions. Canopy interception modeling as desdilbove is therefore also performed for volumesoit moisture 0.05
m®m?, 0.10 i m?, 0.25 i m® and 0.40 mm?. Ground level t/e ratio of the 20 model combinasiare plotted against
ground level thermal neutron intensity, ground lemthermal neutron intensity and volumetric sodisture (Figure 7).
We chose not to include measurements in the figaocause the measurement uncertainty at a relevagration time is

greater than the signal of canopy interception.
Figure7isinserted here

Overall, ground level t/e ratio is found to be ipdadent of ground level thermal neutron intendtigre 7A), ground
level epithermal neutron intensity (Figure 7B) aatlimetric soil moisture (Figure 7C). Furthermdiee ground level t/e
ratio is found to increase with increasing canapgriception being on average 0.804 and 0.836 dly @aanopy and 4 mm
of canopy interception, respectively. Overall, $faene increase in ground level t/e ratio is obtajpperdl mm additional

canopy interception.

3.5. Biomass
The sensitivity to the amount of forest biomasstmrmal and epithermal neutron intensity usingftinest canopy
conceptualization of Moddiree trunk, Foliage, Aiand ModelFoliage are presented in Fig. 6C and Fig 6D, respectively.
The neutron intensity is provided for a scenarithwio vegetation and models with biomass equivatedty above-
ground biomass of: 50 t/ha, 100 t/ha (Gludstedt&tamm), 200 t/ha and 400 t/ha.
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Forest biomass is seen to significantly alter Hegrhal and epithermal neutron intensity both wihards to the differences
between ground and canopy level neutron intenaitgl, ground level t/e ratios (Figures 6C and 6D} dinection and
magnitude of these changes are found to be diffelegmending on the two forest canopy conceptuadizat For the Model
Tree trunk, Foliage, Aithe increase in biomass results in an increaeeimal neutron intensity while the epithermal
neutron intensity decreases (Figure 6C). From gidewel and up to an elevation of approximatelyn2the sensitivity to
the amount of biomass on the neutron intensityni®sat the same. From 20 m height, the sensiti\étyreases with
increasing elevation and for thermal neutrons tfpead of biomass is almost gone at canopy level fmesented here). At

canopy level, the sensitivity on epithermal neusr@reduced, yet, a strong signal remains.

Increasing the biomass in the Modeliagefrom 0 t/ha to 50 t/ha (Figure 6D) results inomsiderable increase in ground
level thermal neutron intensity (136 cts/hrs, Talevhile at canopy level thermal neutron intengtglmost unaltered. A
further increase in biomass (>50 t/ha) decreas#sdround and canopy level thermal neutron intessifThe epithermal
neutron intensity decreases at ground level ané#&se proportionally at canopy level with incregsaamounts of biomass.
The epithermal neutrons produced in the groundpestathe air and are moderated by the biomasdtiresin reduced
epithermal neutron intensity with greater amoutfitsiomass. All models provide in accordance to tiiéacreasing
epithermal neutron intensity with height, yet, tbduced steepness of the neutron height profilds added biomass is
unexplained. Oppositely to Mod&fee trunk, Foliage, Airthe ground level thermal neutron intensity desesawith added

biomass.

As shown in Figs. 3, 6C and 6D the resulting thérmna epithermal neutron intensity profiles depbighly on the chosen
model-setup (forest conceptualization). At thigstave cannot determine which conceptualizationdse realistic, and we
therefore choose to use both conceptualizatiottsaifiurther analysis. Overall, a positive correlatis found for the
differences between ground and canopy level netttensity (thermal and epithermal neutron enejges the amount of
biomass (Figures 6C and 6D, and Table 6). HowelierModelTree trunk, Foliage, Aiand ModelFoliage provide
different relationships, and measurements and rivaglale not fully in agreement. Alternatively, ozen also potentially
use the t/e ratio at the ground level to assesndss. The advantage is that only one station idateeand that at a
convenient location. This would also allow for seys of biomass estimations to be conducted fromilenobsmic-ray

neutron intensity detector systems, e.g. installecehicles.

The measured and modeled ratios are again prousied both forest canopy conceptualization, i.edMdree trunk,
Foliage, Air (Figure 8) and Moddtoliage (Figure 9). The ratios are plotted against A) giblevel thermal neutron
intensity, B) ground level epithermal neutron irdiéyy and C) volumetric soil moisture estimatechgsine N-method
(Desilets et al., 2010). Measurements are provadedaily averages, biweekly averages and as aatedahge of the whole

two-year-period.

Figure 8 and Figure 9 areinserted here
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The modeled ground level t/e ratio increases vatkedt biomass (Figures 8 and 9). Drying or wettihgoil change the
thermal and epithermal neutron intensity propogltynand the ratios are accordingly found to beepehdent of changes in
the ground level thermal neutron intensity, theugidblevel epithermal neutron intensity and volumsetoil moisture.
However, this independence is not seen in the meamnts, where the ground level epithermal neutr@msity and soil
moisture (Figures 8C and 9C) in particular seefimjmact the ratio. A fairly proportional increasetlre ground level t/e
ratio with respect to greater amounts of biomasstiad when using Modéiree trunk, Foliage, AifFigures 8 and 10).
Contrarily, when using Modéloliage, a more uneven increase in the ratio with increpamounts of biomass is provided
(Figures 9 and 10). A major increase in the grdendl t/e ratio of around 0.22 appears from no teggen to a dry above-
ground biomass of 50 t/ha. However, additional am®of biomass only increase the ground leveldtie slightly. With

additional 350 t/ha biomass (from 50 t/ha to 46@ dry above-ground biomass) the t/e ratio incehgenly 0.05.
Figure10isinserted here

Overall, a remarkable agreement is seen for theeViebe trunk, Foliage, Aim Fig. 8 when comparing the two-year-
average of the measured ratio with the modeledevadiGludsted Plantation (100 t/ha dry above-grobinthass, Figure
8). The biweekly averages of measurements areithlinithe ratios modeled for biomass of 50 t/h&0 2ha. For the
Model Foliagein Fig. 9 the measured ratio is in better agreemith a lower biomass (50 t/ha dry above-grourahiass).
The small increase in t/e ratio with increasing ante of biomass of Modéloliage causes the biweekly averages of the
measurements to exceed both the lower and uppadboy of ratios provided by the models of 50 t/hd 400 t/ha dry

above-ground biomass.

4. Discussions

4.1. Neutron height profile measurements and for est conceptualization
Slightly different neutron height profiles and t&ios were measured during the field campaigi$awember 2013 and
March 2014 (Figures 3-5). The area average soistu estimated using the measured cosmic-rayoreirtensity was
similar for the two field campaigns. The differerutron height profiles could therefore insteadlvesult of dissimilar
soil moisture profiles or different soil moisturktbe litter layer and the mineral soil. During twat of three soil sampling
field campaigns different soil moisture of thedittayer and the mineral soil was observed at GaabiBlantation (soil
samples were collected at 18 locations within eeiof 200 m in radius and in 6 depths from 0-30dzpth following the
procedure of Franz et al. (2012)). Additionallye tifferent neutron height profiles could also besult of the different
climate and weather conditions related to the seasbdetections (spring and fall). However, batlitnon profiles are
within the ranges of the daily time-series measar@sand we therefore still believe that they camiged in the
assessment of the modeled neutron profiles. Fardugtudies we recommend soil sample field campdaigte conducted

on the days of neutron profile measurements.
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The neutron transport at the ground-atmosphereaute was found to be sensitive to the level of glaxity of the forest
canopy conceptualization, yet, the more appropdateeptualization was not identified. Improved pamability to
measurements may be obtained by advancing the ftaespy conceptualization. Currently, one tregeiined and
repeated throughout the model domain. The treeplaced in rows and the same settings are appiied the ground
surface to 25 m height. In order to advance thestocanopy conceptualization, trees of differegtits and diameters
could be included, and the placement of the treatdde more according to the actual placementeeftat the forest field
site. Additionally, variability in tree trunk diartez, foliage density and volume with height abdwve ground surface could

be implemented.

4.2. The sensitivity of neutron intensity to soil chemistry and dry bulk density
In contrary to the results obtained at Voulund Hand by Andreasen et al. (2016), the sensitivitthefrmal and epithermal

neutron intensity profiles to soil chemistry wasrid to be minor at Gludsted Plantation. The s@haic matter content at
Voulund Farmland is smaller and the soil chemiggrgxcept from a few elements (added in relatiofatming activities;
spreading of manure and agricultural lime), simita6Gludsted Plantation. Modelling shows that thesstivity to soil
chemistry at Gludsted Plantation is dampened bygtimsiderable amount of hydrogen present in ther it the forest floor
and the forest biomass (not presented here). Aotglyd the effect of litter and mineral soil drylkuwensity on neutron
intensity is expected to be greater at non-vegetidtd site. The reverse effect of increased drik ldensity of litter and
mineral soil on neutron intensity is a result of thifferent elemental composition of the two matsri The production rate
of low energy neutrons (<1 MeV) per incident higieggy neutron is higher for interactions with eletseof higher atomic
mass (A2/3, where A is the atomic mass) (Zredd €2@12). Heavier elements are in particular foumchineral soil and
an increase in the dry bulk density entails a higleduction rate and therefore higher neutromisitg. The concentration
of hydrogen is increased with an increased dry Helksity of litter material resulting in a greateoderation and
absorption of neutrons, and as a consequence lwaugron intensities. To summarize, the mineral acti$ as a producer of

thermal and epithermal neutrons, while the litis as an absorber.

4.3. The potential of cosmic-ray neutron canopy interception detection
Ground level thermal neutron intensity was fountiécsensitive to canopy interception, however stgeal is small and

within the measurement uncertainty at GludstedtBtemm. In order to obtain a signal-to-noise ratfd, either an 11-hour-
integration time or 11 detectors similar to thetalisd detector are needed. However, longer integréimes are not
appropriate when considering Gludsted Plantaticth@seturn time of canopy interception (cyclingvbeen precipitation
and evaporation) often is short (half-hourly to tptime resolution). Although the change in thee tatio with
wetting/drying of the forest canopy is small theapy interception may potentially be measured usogmic-ray neutron
intensity detectors at locations with: 1) a higlitnen intensity level (lower latitude and/or higladtitude, 2) more sensitive
neutron detectors, and 3) greater amounts of cambgrception with longer residence time (e.g. snaie suggest future
studies investigating the effect of canopy inteticegpon the neutron intensity signal to be perfadraélocations matching

one or more of these criteria.
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4.4, The sensitivity of biomassto neutron intensity
The neutron intensity depends on how many neutomgroduced, down-scattered to lower energiesabadrbed.

Including biomass to a system increases the coratémt of hydrogen and leads to reduced neutr@nsity as the
moderation and absorption is intensified. Despiig, increased thermal neutron intensity is prodidéth greater amounts
of forest biomass using Mod€&tee trunk, Foliage, Aisee Figure 6C). We hypothesize that forest bioreabances the
rate of moderation more than the rate of absorpfibins higher thermal neutron intensity is obtaiaedhe number of
thermal neutrons generated by the moderation ¢iepnal neutrons exceeds the number of thermaftoreibsorbed.

This behavior may be due to the large volume oWéinin the forest canopy. The probability of thedmeutrons to interact
with elements within this space is low as the dgriair is low. Overall when applying ModEbliage both thermal and
epithermal neutron intensity decreases with addeolats of biomass (see Figure 6D). The deviatidgbier (compared

to ModelTree trunk, Foliage, Ajrmay be due to the different elemental concemtnatif the forest canopy layers. Here, no

space is occupied by a material of very low eleatensity and may lead to an increased absorpfittrermal neutrons.

The discrepancy of measured and modeled grounditfevatios (Figures 8 and 9) could be relatedljshortcomings in
the model setup, i.e. a need for an even morestieaforest conceptualization, and more detailedl gmto-date forest
information. A model including a sufficient represation of the field site will provide neutron hbtgrofiles and t/e ratios
more representative of the real conditions, 2)rdjgancy of measured and modeled energy ranges@assdéed in
Andreasen et al. (2016), and 3) unrepresentativa&sés estimate. The 100 t/ha dry above-ground lEsmvas estimated
using LIDAR images from 2006 and 2007 and therefmtecompletely representative of the 2013-2015lt@ms (because
of tree growth). Furthermore, the biomass estimatéed considerably within the image (standard agen = 46 t/ha), and

the image coverage did not fully match the footpoiithe cosmic-ray neutron intensity detector.

45, Cosmic-ray neutron biomass detection
The proposed possibility of estimating biomass la¢etometer scale using ground level t/e ratiostested. The modeled

ground level t/e ratio is compared with measuresietwo additional field sites located close tai®ted Plantation. The
three field sites have similar environmental sgfife.g. neutron intensity, soil chemistry), thoufferent land covers

with different amounts of biomass (stubble pastheathland and forest).

At Voulund Farmland the ground level t/e ratio wasasured to be 0.53 and 0.58 on Septemb@mp? September 23
2015, respectively. Only minor amounts of organatter were present in the stubble and residugbifig barley
harvested in August 2015. Additionally, the grouexkl t/e ratio was determined based on modelingaoé ground and
site specific soil chemistry measured at Voulunthitand (Andreasen et al., 2016). The modeled katis found to be 0.56
in agreement with the measured ratios. The ratideteal based on the non-vegetated conceptualizatiGtudsted
Plantation was slightly higher (0.60, see Figures@ 9). Here, a 10 cm thick litter layer was inied in the model. The
sensitivity analysis on the effect of litter layer neutron intensity (Figure 6A and Table 6) implilkat lower ground level

t/e ratios are found at locations with a thin oditter layer.
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The ground level t/e ratio at the Harrild Heathlavels measured to 0.66 during the period Octobéo Albvember 16

2015. The ratio is slightly higher than the nonetaged model for Gludsted Plantation. Both fietdshave a considerable
layer of litter, and the slightly higher t/e ratiglative to the non-vegetated Gludsted Plantatiag be due to biomass in the
form of grasses, heather plants and bushes prasBEiatrrild Heathland. At Gludsted Plantation, thtais 0.73 for dry
above-ground biomass equivalent of 50 t/ha. Acowylgli the ratio measured at Harrild Heathland imewhere in between
the ratio modeled for a non-vegetated field site affield site with biomass equivalent to 50 t/maabove-ground

biomass.

Measuring ground-level t/e ratios for biomass eatiom at a hectometer scale is promising as thesaned ratio increases
with increasing amounts of litter and biomass irregpondence to modeling. Still, ground level #tor detection at
locations of known biomass should be accomplisbheddt the suggested relationships. We recommeietegtion system
with higher sensitivity to be used when a locatdfow neutron intensity rates (like Gludsted Pédian) is surveyed,
unless long periods of measurements can be cortlattach measurement location. This can be accgredl by using
larger sensors, an array of several sensors aselisors that are more efficient, as is done imgsurveys (Chrisman and
Zreda, 2013; Franz et al., 2015).

5. Conclusion
The potential of applying the cosmic-ray neutraemsity method for other purposes than soil mogstietection was
explored using profile and time-series measuremgimsgutron intensities combined with neutron tpaors modeling. The
vegetation and subsurface layers of the forest irartap were described by average measurementsstinthtes. Four
forest canopy conceptualizations of increasing derity were used. Without adjusting parameters\ariables, modeled
thermal and epithermal neutron intensity profilempared fairly well with measurements, yet, soméadmns from
measurements were observed for each of the foestfaanopy conceptualization models. The more apiate forest
canopy conceptualization was not obvious from #seilts as the best fit to thermal neutron measurenveas found using
complex forest canopy conceptualization, includirtgee trunk and multiple materials, while the defit to epithermal
neutron measurements was found using the simgesitfcanopy conceptualization, including a homogsnayer of
foliage material. A sensitivity analysis was peni@d to quantify the effect of the forest’s govegnirmrameters/variables
on the neutron transport profiles. The sensitigitganopy interception, dry bulk density of liteend mineral soil, and soil
chemistry on neutron intensity was found to be &rdle ground level t/e neutron ratio was founéhttrease with
increasing amounts of canopy interception and tmtéependent of ground level thermal neutron iritgnground level
epithermal neutron intensity and soil moisture. ldger, the increase was minor and the measuremeattamty was
found to exceed the signal of canopy intercepticentémescale appropriate to detect canopy inteéimeat Gludsted
Plantation (half-hourly to hourly). Neutron intetysivas found to be more sensitive to litter laysen) moisture and biomass
at the forest field site. An increased litter lagethe forest floor resulted in reduced neutraarisities, particularly for
epithermal neutrons. Forest biomass was foundeo thle thermal and epithermal neutron transpgrtiicantly, both in

terms of the shape of the neutron profiles and/éheeutron ratios. The response to altered amairt®mass on thermal
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and epithermal neutron intensity is non-uniquetfier simple and complex forest conceptualizationfarttier
advancement of the forest representation is thexefecessary. Still, cosmic-ray neutron intensiiedtion for biomass
estimation at an intermediate scale is promisirghBhe difference between ground and canopy linegmal and
epithermal neutron intensity, respectively, andgtaind level t/e ratios were found to increasénaitditional amounts of
biomass using the simple and complex forest canopgeptualization. The best agreement between merasats and
modeling was obtained for the ground level t/e rerutatio using a model with a complex forest canognceptualization.
Additionally, the modeled ratios were found to agveell with two nearby field sites with differennaunts of biomass (a

bare ground agricultural field and a heathlandifite).
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Tables
Table 1 — Dynamics of different hydrogen pools.

Static Quasi-static  Dynamic

Yearly Sub-yearly Daily

Soil moisture X
Tree roots X

Soil organic matter X

Water in soil minerals X

Vegetation (cellulose, water) X X
Snow X X
Puddles X
Open water (river, sea, lake) X

Canopy intercepted water X
Buildings/roads X

Atmospheric water vapor X

Table 2 — Average tree height, tree diameter apdudik density (bg,,) of the litter layer and the mineral soil at Gltets

5 Plantation field site. Tree height and diameterrapgesentative of conditions for year 2012.

Standard
Average deviation Max. Min.
Tree height* [m] 11 6 25 3
Tree diameter* [m] 0.14 0.08 0.34 0.03
Dry bulk density litter layer, [g ci] 0.34 0.29 1.09 0.09
Dry bulk density mineral soil, [g cri 1.09 0.28 1.53 0.22

* Data obtained from the Daniédture Agency

10
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Table 3 — Chemical composition of major elementSladsted Plantation determined using X-ray fluoegge analysis on

soil samples collected in 0.20-0.25 m depth.

Gludsted Plantation

(%]
o) 52.78
Si 44.86
Al 1.54
K 0.53
Ti 0.29

Table 4 — Forest properties used in modeling.

*Specific for model with forest conceptualizatiohModel Tree trunk, Foliage, Air**Reference model.

Models
No vegetaton 50tHa  100thd* 200t ha' 400t hd

Dry above-ground biomass [t Ha 0 50 100 200 400
Wet above-ground biomass [tHa 0 91 182 364 727
Dry below-ground biomass [t Ha 0 12.5 25 50 100
Wet below-ground biomass [t fia 0 23 45 91 182
Tree trunk density [g ¢ * - 0.83 0.83 0.83 0.83
Tree trunk radius [m] * 0.07 0.07 0.07 0.07
Tree height [m] * 25 25 25 25
Foliage density [g cfi * - 0.00134 0.00151 0.00185 0.00255
Foliage band [m] * 2.44 1.70 1.18 0.82
Sub-cell size [m x m] * 6.67 x6.67 4.72x4.72 .38x3.34 2.36 x 2.36
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Table 5 — Modeled ground level (1.5 m) and canepell (27.5 m) thermal neutron intensity and epitiedrneutron

intensity for the Gludsted Plantation models inghgdfour different forest canopy conceptualizatigese Fig. 3).

Models Thermal Thermal  Epithermal  Epithermal
1.5m 27.5m 1.5m 27.5m
Foliage 573 207 681 813
Tree trunk, Air 484 272 610 695
Tree trunk, Foliage 536 261 619 716
Tree trunk, Air, Foliage 504 257 623 717

Table 6 — Sensitivity in modeled ground level (fnpand canopy level (27.5 m) thermal neutron irtgred epithermal

neutron intensity due to (1) volumetric soil morstw(2) soil chemistry, (3) litter layer thickne$4) mineral soil and litter

dry bulk density (bgl,), (5) canopy interception and (6) biomass. Theisieity is provided in absolute values and are

relative to the simulations based on Mod@lete trunk, Air, Foliageand ModelFoliage**, respectively (see Fig. 3 and

Table 5). Values provided in parentheses spedtiieslirect effect of one-by-one excluding soil arigamatter third order

complexity, Gd eecond order complexjtybelow ground biomaséirst order complexityand site specific major elements

soil chemistry (SiG).

Models Thermal | Thermal | Epithermal| Epithermal
15m 27.5m 1.5m 27.5m
Soil moisture 0.18m> m* 504* 257+ 623* 717*
(Fig. 4) 0.05m> m?® 100 47 131 109
0.10m> m* 45 20 58 50
0.25m> m* -25 -12 -27 -23
0.35m> m* -47 -22 -53 -45
0.45m°> m -59 -28 -69 -59
Soil moisture 0.18m*m? 573%* 207** 681** 813**
(Fig. 5) 0.05m* m? 119 40 142 115
0.10m> m* 56 18 68 53
0.25m° m -27 -9 -30 -23
0.35m° m -50 -16 -55 -48
0.45m° m -64 21 74 61
Soil chemistry # order complexity 504* 257* 623* 717*
3% order complexity 19 (+19) 8 (+8) 25 (+25 14 (+14)
2" order complexity 18 (-1) 9 (+1) 27 (-2) 17 (+3)
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1%t order complexity 22 (+4) 10 (+1) 26 (-1) 18 (+1)
Sio, 27 (+5) 11 (+1) 23 (-3) 19 (+1)
Litter layer 10.0cm 504* 257* 623* 717*
(Fig. 6A) 7.5cm 11 4 26 22
5.0cm 18 9 53 41
25cm 24 12 85 71
No litter layer 22 17 131 113
Density Gludsted Plantation* 504* 257* 623* 717*
Higher litter layer bgl, -7 -5 -10 -6
Higher mineral soil bg, 15 5 17 10
Lower litter layer bg,, 7 2 14 10
Lower mineral soil bg, -26 -13 -22 -18
Canopy interception Dry canopy 504* 257* 623* 717*
(Fig. 6B) 1 mm 4 -2 -3 0
2mm 7 -3 -5 5
4 mm 15 -7 -5 2
Biomass 100 t Kk 504* 257* 623* 717*
(Fig. 6C’ No vegetation -67 -21 99 85
50t ha' -16 -8 45 33
200t ha 14 2 -70 -47
400t hd 21 2 -172 -116
Biomass 100t hh 573** 207** 681** 813**
(Fig. 6D) No vegetation -136 29 41 -28
50t ha' 0 24 13 -23
200 thd -9 -32 -26 22
400t hd -48 -59 -82 73

Page 29 of 37



Figures

Figure 1 — Map showing the location of the threddfisites; G: Gludsted Plantation (green), V: Vadldérarmland (beige)
5 and H: Harrild Heathland (purple). The circles esmnt the footprint of the neutron detector (radid®0 m).
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Vertical model conceptualizatic

A. B. C. D. E.

L_ Atmospheric laye —
(~2 km)

Forest canopy layer

(25 m)
Litter layer(0 - 0.1 m)
-ﬁj Mineral soil laye —_
(0.1-4.0m)
Horizontal model conceptualization C X ) o0 o0
as seen from above . . Y o0

Figure 2 — Model conceptualizations of forest. (@)forest canopy layer (model nanfet ha); (B) homogeneous foliage
layer with a uniformly distributed biomass (modahme:Foliage); (C) cylindrical tree trunks with air in betweémnodel
name:Tree trunks, Ay, (D) cylindrical tree trunks with foliage in beé®n (model nam&iree TrunksFoliage); (E)
cylindrical tree trunks enveloped in a foliage-cowh air in between (model nameéree trunks, Foliage, Air The bottom

four figures illustrate the forest conceptualizataeen from above.
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Figure 3 — Measured and modeled (A) thermal ancefihermal neutron intensity profiles at Gluds&tdntation. Hourly
and daily ranges of variation of thermal and epitted neutron intensities at ground and canopy léwethe period 2013—

2015. Gludsted Plantation is modeled using fouetkit forest canopy conceptualizations (see Figure
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Figure 4 — Sensitivity to volumetric soil moistursing ModelTree trunk, Foliage, AirMeasured and modeled (A) thermal
and (B) epithermal neutron intensity profiles ati®ted Plantation. Hourly and daily ranges of vemmof thermal and

epithermal neutron intensities at ground and camexsi for the period 2013—-2015.
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Figure 5 - Sensitivity to volumetric soil moistursing ModelFoliage. Measured and modeled (A) thermal and (B)
epithermal neutron intensity profiles at Gludstéahation. Hourly and daily ranges of variationtleérmal and epithermal

neutron intensities at ground and canopy levetHerperiod 2013—-2015.
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Figure 6 — Sensitivity of ground and canopy lehelrimal and epithermal neutron intensity to (Aglitiayer thickness using

Model Tree trunk, Foliage, Air(B) canopy interception using ModEtee trunk, Foliage, Airbiomass using (C) Model

Tree trunk, Foliage, Aiand (D) ModelFoliage,respectively.
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Figure 7 — Modeled ground level thermal-to-epitharmeutron intensity ratios using the Modeée trunk, Foliage, Aifor
a dry forest canopy and canopy interception of 1, @mm and 4 mm. plotted against modeled: (A) gdolewel thermal

neutron intensity, (B) ground level epithermal mentintensity, and (C) volumetric soil moisture.
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Figure 8 — Neutron intensities measured at GludBtadtation in the time period 2013-2015 and matiaking the Model
Tree trunk, Foliage, AirGround level thermal-to-epithermal neutron intgnstio plotted against measured and modeled:

(A) ground level thermal neutron intensity, (B) gnal level epithermal neutron intensity, and (Cuwoétric soil moisture.
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Figure 9 — Neutron intensities measured at GludBtadtation in the time period 2013-2015 and matieking the Model
Foliage Ground level thermal-to-epithermal neutron intgnstio plotted against measured and modeled:ggaund level

thermal neutron intensity, (B) ground level epithal neutron intensity, and (C) volumetric soil ntoig.
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Figure 10 — Ground level thermal-to-epithermal neutatio plotted against biomass equivalent toatrgve-ground
biomass of: 50 t/ha, 100 t/ha (Gludsted Plantatid®) t/ha and 400 t/ha using Modeke trunk, Foliage, Aiand Model

Foliage, respectively.
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