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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 ableegytound surface. This method has been used fasuriag soil
moisture but several other hydrogen pools affeetsignal. We use a neutron transport model witfouarrepresentations
of the forest and different parameters describimgstubsurface to match measured height profiledian@dseries of thermal
and epithermal neutron intensities at a field sitBenmark. A sensitivity analysis is performedjtaantify the effect of soil
moisture, complexity of soil matrix chemistry, fetditter, soil bulk density, canopy interceptiamdgforest biomass on
thermal and epithermal neutron intensities at mpldtheight levels above the ground surface. Ovaraddeled thermal and
epithermal neutron intensities are in satisfacegreement with measurements, yet, the forest carmpgeptualization is
found to be significant for the modeling resultbeTresults show that the effect of canopy inteioapsoil chemistry and
dry bulk density of litter and mineral soil on neart intensity is small, while the sensitivity tttdir layer thickness and
biomass in addition to soil moisture is found tosignificant. The neutron intensity decreases wadidted litter layer
thickness, especially for epithermal neutron eresrgrorest biomass has a significant influencénemeutron intensity
height profiles at the examined field site, altgrboth the shape of the profiles and the groundl ldnermal-to-epithermal
neutron ratio. The ratio increases significantljhwincreasing amounts of biomass and insignifigawith canopy
interception. Satisfactory agreement is found betwmeasurements and model estimates of biomadtsrasthe forest
site as well as two nearby sites representing alimi@l and heathland ecosystems. The measureddteuel thermal-to-
epithermal neutron ratios of the three sites rdrga around 0.56 to 0.82. A significantly smalléfeet of canopy
interception on the ground level thermal-to-epithar neutron ratio was modeled to range from 0.80.84 for a forest

with a dry and a very wet canopy (4 mm of canopgriception), respectively.

1. Introduction
Soil moisture plays an important role in water anérgy exchanges at the ground-atmosphere intetfates difficult and
expensive to measure at the intermediate scal¢ofhneters). The cosmic-ray method has been developeaccumvent the
shortcomings of existing measurement proceduresdibmoisture detection at the multi hectare s¢alg. Zreda et al.
(2008) and Franz et al. (2012)). The cosmic-raytnoeLintensity (eV range) at the ground surface fisoduct of the
elemental composition and density of the immedi@tand soil matrix. Hydrogen is, because of itggital properties and
often relatively high concentration close to thedaurface, a significant element controlling neatiransport. As a result,

neutron intensity is inversely correlated with thelrogen content of the surrounding hectometeesraind top decimeters
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of the ground (Zreda et al., 2008). Neutron intgnsieasurements were found to be suitable for éteation of soil

moisture since it often forms the major dynamiclpmidiydrogen within the footprint of the detector.

Cosmic-ray neutron intensity detection also hasmtidl for estimating other pools of hydrogen prgseithin the footprint
of the neutron detector (Zreda et al., 2008; Des#é¢ al., 2010). Hydrogen is stored staticallyater in soil minerals and
buildings/roads, quasi-statically in above and Wedpound biomass, soil organic matter, snow anddéitreams, or

dynamically in soil water, atmospheric water vapod canopy intercepted precipitation (see Table 1).
Table lisinserted here

To date, studies have primarily aimed to advaneectismic-ray neutron soil moisture estimation methy determining

correction models to remove the effect of otheluificing pools of hydrogen.

Rosolem et al. (2013) examined the effect of atrhesp water vapor on the neutron intensity (10-2001 eV = 1.6*10°
J) using neutron transport modeling and determaecheme to rescale the measured neutron intéosiference
conditions. For the preparation of cosmic-ray nauttata correction for changes in atmospheric wegpor is along with
corrections for temporal variations in barometriegsure and incoming cosmic radiation a standardeplure (Zreda et al.,
2012).

Most studies have focused on improving thechlibration 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 sedisture estimation at field locations with arsfgcant litter layer. The
Ny calibration parameter obtained from field measweim was found to decrease with increasing bioifiRisera
Villarreyes et al., 2013; Hornbuckle et al., 20HZwdon et al., 2014; Baatz et al., 2015). In otdeaccount for this effect
Baatz et al. (2015a) defined a correction modettoove the effect of biomass on the neutron intgsgjnal. A different
approach was presented by Franz et al. (2013b &leniversal calibration function was proposedrelseparate

estimates of the various hydrogen pools are indddecosmic-ray neutron soil moisture estimation.

Few studies have explored the potential of usiegctismic-ray neutron method for additional appigcet. Desilets et al.
(2010) distinguished snow and rain events usingsoreanents of two neutron energy bands, and SigandrSi (2016)
reported an inverse relationship between snow veafeivalent and the neutron intensity measuredyusie moderated
detector. Franz et al. (2013a) demonstrated arpapbrto isolate the effect of vegetation on thenoeuintensity signal and
estimate area average biomass water equivalegréement with independent measurements. Finakbysigmnals of
biomass and canopy interception on neutron intgnsieasured using the moderated detector, havdatoinvestigated
by Baroni and Oswald (2015). They account the higled moisture estimated using the cosmic-ray meumethod
compared to the up-scaled soil moisture measurpdiat-scale to be the impact of canopy interceptind biomass. The

two pools of hydrogen were then separated in aecm®l to their dynamics.
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The ability to separate the signals of the diffetgydrogen 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 anchiss from the cosmic-ray neutron intensity is &ble as they form
essential hydrological and ecological variableghBare difficult and expensive to measure contirslypat larger scales.
Although the effect of biomass and biomass growtlt@smic-ray neutron intensity can be accountedi$org independent
methods, there is currently no established metbothflependently constraining biomass based on icosay neutron data

alone.

Canopy interception is for some climatic and envinental settings an important variable to includwater balance
studies, as well as in hydrological and climatataegjimodeling. For the forest site studied herecimopy interception loss
was found to be 31-34% of the gross precipitatimaking it a vital variable to consider (Ringgaatdle, 2014). A
common method to estimate canopy interception isulgracting the precipitation measured at groerdllbelow canopy
(throughfall) from precipitation measured abovefitrest canopy (gross precipitation) using stangaedipitation gauges.
However, the spatial scale of measurement is sandllis not representative of larger areas as thepganterception is
highly heterogeneous. In order to obtain a reptesige measure of canopy interception multiple tigtafall stations must
be installed. This is labor intensive and measurgmecertainties are significant. Precipitation erestimation due to wind
turbulence, wetting loss, and forest debris pluggire measurement gauge at the forest floor anesswof significant

uncertainty (Dunkerley, 2000).

The forest biomass represents an important resdoir¢ienber industry and renewable energy. Furttenforest modifies
the weather through the mechanisms and feedbaletede¢o evapotranspiration, surface albedo andgmoess. Overall, the
forest ecosystems have a cooling impact on gldbabte as significant amounts of carbon are accatedlthrough
photosynthesis. Carbon sequestration by afforestaind an effective forest management is a widedgunethod to
decrease the concentration of carbon dioxide irathr@sphere and thereby attenuate the greenhdese @&fal, 2008). The
carbon sequestration in vegetation can be quashtiffemonitoring the growth of biomass over timeeThost conventional
and accurate method to estimate forest biomase igge of allometric models describing the relatom between the
biomass of a specific tree species and easily mablautree parameters, such as tree height andiaeeeter at breast
height (Jenkins et al., 2003). However, this apginda time consuming and labor intensive becauseenous trees have to
be surveyed to obtain accurate and representasidts (Popescu, 2007). Remote sensing technoffeyg @lternative
methods to estimate biomass as high correlatianfoand between spectral bands and vegetation géeesn One method
providing high resolution maps is airbornight Detection And Rangin@.iDAR) technology (Boudreau et al., 2008). The
LiDAR system is installed in small aircrafts anditlizes the first and last return of near-infrataser recordings. The
canopy height at a decimeter grid-size scale casbbeined and the biomass can be estimated froraggign models.
Instruments and aircraft-surveys are expensive nasmsurements of tree growth will often be at asmsemporal

resolution.
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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 singlghtégvel (typically
1.5 m above the ground). Thermal and epithermairoes are both sensitive to hydrogen, but are chexiaed by very
different physical properties resulting in unigesponses to environmental settings and conditibtieeammediate
ground-atmosphere interface. For this reason, taleamd epithermal neutron intensity at multiplegheilevels above the

ground surface are considered in this study.

The study is conducted at a forest field site usirggmal and epithermal neutron measurements fizme &dNd moderated
detectors constrained with correction factor mo¢etedreasen et al., 2016) and modeling using tbegeized and widely
used Monte Carlo N-Particle transport code (MCN®l@witz, 2013). Neutron transport modeling of sfiesites is
limited and has only been performed for non-vegetéield sites (Franz et al., 2013b; Andreasen.e2@16). In this
context, forest sites are especially complex taceptualize as the number of free parameters iswelahigh (e.g.
biomass, litter, soil chemistry, interception ahd structure of the forest). Here, we first focasywodeling a forest field
site. The model is developed from measured soilvagetation parameters at the specific localitye odeled neutron
intensity profiles are evaluated against profileasweements on two different dates separated byiiveths, and also
against time-series of neutron intensity measurésrartwo heights. Following, the forests environtaéimpact on
thermal and epithermal neutron intensities aretifled and quantified by applying a sensitivity &sis based on the
model representative of the forest field site.ddidon to improving the understanding of the eammental effect on
neutron transport the focus is also on examiniegoibtential of detecting intermediate scale canofgrception and
biomass from cosmic-ray neutrons. Measurements agdcultural field site with no biomass and &teather field site
with a smaller amount of biomass are used to umdéhg influence of certain environmental varialfles., biomass, litter
layer). To our knowledge this is the first studyigthprovides a quantitative analysis of the potdmf using the cosmic

ray technigue for estimation of interception ananfiass.

2. Method

2.1, Terminology
The energy of a neutron determines the probalifithe neutron interacting with other elements tredtype of interaction
(i.e. absorbing or scattering). Overall, an impottareshold for the behavior of low energy neusr@present at energies
somewhere below 0.5 eV. The specific energy ranfisermal, epithermal and fast neutrons are anthiguThe

following terminology for neutron energies is ugedthe purpose of this paper:

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

- Fast: Energy range 10 - 1000 eV.
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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; Rosaiem., 2013; Franz et al., 2013b; Kéhli et ab12), while
measurements using standard soil moisture neutrtatibrs is sensitive to the entire epithermal gneange (Andreasen
et al., 2016). Here, the term epithermal neutroitisae used for both measured neutrons of enegese 0.5 eV and

modeled neutrons of energies 10 — 1000 eV.
2.2. Cosmic-ray neutron detection

2.21. 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 (°BF)
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 arutlerated tubes

different energy sensitivities.

The thermal neutron absorption cross-sectiofi®is very high (3835 barns) (Sears et al., 1998)s &bsorption cross-
section decreases rapidly with increasing neutnengy following a 1/E° law (where Eis neutron energy) (Knoll 2010).
Therefore, the energies measured by the bare tubprise a continuous distribution which is heawilgighted toward
thermal neutrons (<0.5 eV), with a small proportigrepithermal neutrons also being detected (<1@jireasen et al.,
2016).

The moderated detector is more sensitive to highatron energies (> 0.5 eV). The purpose of thggtlbylene is to slow
(moderate) epithermal neutrons through interactinitis hydrogen in order to increase the probabiitghem being
captured by’B in the detector. At the same time the polyethglatienuates the thermal neutron flux through oeutr
capture by hydrogen. Nonetheless, a large propottipproximately 40% of the thermal neutrons detktty the bare
detector) originates from below 0.5 eV (Andreaseal € 2016).

Obeying Poissonian statistics (Knoll 2010) the meament uncertainty of a given neutron intensitydbcreases with

increasing neutron intensity and the standard devi@quals R,

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 valid &pithermal neutron measurements. Since the ol@wvelnt of correction
methods is beyond the scope of this study, weirefdafrom using a vapor correction for the meastinedmal neutron
intensities. We believe that this missing corrattioll only have a minor effect on our results (Aedsen et al., 2016).
Nevertheless, we suggest that future studies sliowtgtigate the effect of water vapor on thernaltron intensities and

to develop appropriate correction methods.
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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 tr 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 locattaigtt levels and land covers). The determinaticthe neutron energy
correction models was based on the relationshipseaisurements from unshielded and shielded nedétattors
(Andreasen et al., 2016).

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#le{2015). However the findings of these two stsdivere inconsistent.
Desilets and Zreda (2013) used the neutron trahspde Monte Carlo N-Particle eXtended (MCNPXx) &uhd the
footprint to be nearly 600 m in diameter in dry, &ihile Kohli et al. (2015) using the Ultra Rapididptable Neutron-Only
Simulation (URANOS) estimated the footprint to E02- 480 m in diameter depending on the air humidibil moisture
and vegetation. The potential mismatch in the footf the bare and the moderated detectors aaarn when
combining the neutron intensity measurements. Nbegksss, the environmental conditions at the féitlels are fairly
homogeneous and although the footprint might bieift as a first approximation we assume the oediitensity

measured using the bare and the moderated deteetoomparable.

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 sites locat#limvthe Skjern River Catchment in the Westerrt paDenmark
represents the three major land use types (Figused are all part of the Danish hydrological okatary (HOBE) (Jensen

and lllangasekare, 2011). The sites are situatad atevation of approximately 50 - 60 m abovelgeal on an outwash
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plain from the last glaciation composed of nutrigéepleted sandy stratified soils. Harrild Heathlamtbcated 1 km south

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

Gludsted Plantation forest field site (56°04'24"®2@06"E) is situated within a coniferous forestnghtion 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 bismo 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 Dangdiufd Agency (representative of the 2012 condijicsee Table 2.
Table 2 isinserted here

In Scandinavian forests around 79% of the totalalground 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 gfcm
(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
(LAI) of 4.5 and a canopy interception capacityffiogent of 0.5 mm/LAIl (Andreasen et al., 2013) tiiaximum storage of

canopy intercepted rain is estimated to be 2.25 mm.

Soil samples were collected within the footprinttoé cosmic-ray neutron detector on August 26 213 following the
procedure of Franz et al. (2012). Based on thasglsa the organic rich litter layer is found to%e 10 cm thick. The dry
bulk density of the litter and mineral layer arécaéated by oven drying the soil samples (TableaRj the soil organic
matter content of the mineral soil is determinexhrfithe loss-on-ignition method (16.9% in 10 - 20depth and 7.6% in
20 - 30 cm depth). A time series of soil moist@wealculated from cosmic-ray neutron intensityitstg in spring, 2013,
using the N-method as presented in Desilets et al. (2010}ly,ake chemical composition of the soil matrixeigtimated

for two random soil samples collected at 20-25 aptl using theX-ray fluorescencéXRF) analysis (Table 3).
Table 3isinserted here

The element Gadolinium (Gd) can have a signifitenmact on thermal neutron intensity even at lowosgtrations due to
its very high absorption cross-section of 490064f barn = 18" cnf). 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 detadtmit of the
XRF. Inductively coupled plasma mass spectromé@{MS) detects metals and several non-metalsrgtsreall

concentrations and was used to characterize thelsanistry of a nearby field site with similar koonditions (Salminen et
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al., 2005). A Gd concentration of 0.51 ppm was ftbahthat site and we assume this value to be septative of the

conditions at Gludsted Plantation.

Gludsted Plantation is a heavily equipped resefetdhsite with a 38-m high tower for measuremeattsnultiple heights
within the forest canopy. At Gludsted PlantatioR1I000/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 thealers were used for other types of measuremerntsrong 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 12 204 at
Gludsted Plantation. In order to obtain compargblietween measurements and modeling pure themdagpithermal
neutron signals were estimated using neutron er@nggction models on measurements from bare antkrated
detectors, respectively. The neutron energy camechodels were both used on time-series and rete@ht profile
measurements. Additionally, during the field cangpadn March 12 -14, 2014 an epithermal neutromgitg profile (with
no thermal contribution) was measured using a cadnrshielded moderated detector (Andreasen etGil§)2 For the
profile measurements neutron intensities were tembat a 10-minute time resolution. As the themeaitron intensity
decreases significantly with height we choose terk the time of measurement with the height levalements to
maintain a low and consistent measurement uncgrtdihe volumetric soil moisture content measursidg the cosmic-

ray neutron method (Zreda et al., 2008) was 0.XBduoth field campaigns.

Voulund Farmland (56°02'14"N 9°09'38"E) is an agitigral field site. In 2015, the fields were crogpeith 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 usengare and the moderated neutron detectors ngrinsiblled at
Gludsted Plantation and data were logged everyihQtes. In order to obtain pure thermal and epitteémeutron height

profiles the neutron energy correction models vegnglied.

Harrild Heathland (56°01'33"N 9°09'29"E) is a shtaibd field site dominated by grasses and healther heathland is
maintained by controlled burning, yet, the fieltksairea has not recently been burnt. The orgagtiditter layer is found to
be around 10 cm thick during soil sampling fieldngeigns at the field site. Due to podsolizationowa 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.
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2.3. Neutron transport modeling
The three-dimensional Monte Carlo N-Particle tramspode version 6 (MCNP6) (Pelowitz, 2013) siminigtthermal 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 neutroesMGNP6 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 fpartsmodeling within the field of hydrology (Dedi¢eet al., 2013;
Rosolem et al., 2013; Zweck et al., 2013). Howetrez,improved and more advanced MCNP6 has reckady introduced

and provided more realistic neutron intensity gesfifor Voulund Farmland field site (Andreasenlgt2016).

The number of particle histories released at tikeceof the upper boundary of the model domaimpecHied to obtain an
uncertainty below 1%. The released particles reprtes distribution of high-energy particles typital the spectrum of
incoming cosmic-rays traveling through the atmosph&he modeled neutron intensities are normalgardunit 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 ob(®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. The dependence of the@mental settings is at this point in time unclaad should be

addressed in future studies.

2.31. TheGludsted Plantation reference model
The model domain of MCNP6 is defined by cells afyieg geometry, and each cell is assigned a spetiémical
composition and density. The lowest 4 m of the Gled Plantation reference model consists of subsatfyers. The
chemical composition of the mineral soil is presed according to the chemical composition from XREasurements;
assumed Gd concentration of 0.51 ppm, wet belowstgidiomass (cellulose) of 45 t/ha, dry bulk densft1.09 g/cm
and soil moisture content of 0.18. The litter laigedefined according to the chemical compositiboatiulose, dry bulk
density of 0.34 g/cfhand moisture content similar to that of mineral &ee also Table 3). The same soil moisture was
used for the whole soil column, as the soil moisforofile was unknown for the days of neutron peafhneasurements, and
furthermore we wanted to test the signal of soilstuwe. The atmosphere is composed of 79% nitregen21% oxygen by
volume and extends from the forest canopy surfadked upper boundary of the model domain at apprately 2 km
height. Here, an incoming spectrum adapted topkeific level of the atmosphere is specified (Huggaed Marsden,
1966). The density of air is assumed to be 0.00H165¢. Multiple sublayers of varying vertical discretimm cover the
vertical extent of the model in order to recordtne@ul intensities at multiple heights and depthsnftbe ground surface.
The resolution of the layers increases with protyrto the ground surface ranging in thickness f@625 m to 0.20 m for
the subsurface layers and from 1 m to 164 m fotdfers above the ground surface. 1 m layers aé fiem the ground to
28 m height to enable neutron intensity to be mediak the measured heights. The neutron intenstgctbrs are layers of
1 m height and extent the full lateral model don{d@®0 m x 400 m). Reflecting surfaces constrainntoglel domain. Thus,

the particles reaching a model boundary will béeaéd specularly back into the model domain. Wetve-ground
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biomass of 182 t/ha is distributed within the foreanopy layers extending from the ground surfac2st m above the
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-gidiinmass of 182 t/ha a relatively low density @f@189 g/criis
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 lessedfliage and air), the horizontal discretizatiéhe forest canopy
layers is reduced to smaller cells for the nex¢ tredel-setups. The bole of each tree is for aedlehmodel-setups
represented by a cylinder with a diameter of 0.14 momposition of cellulose, and a density of @A3ITT. A tree is

placed at the center of each cell and extends fhenground surface to the top of the forest cartapgr. In the second
representation (Moddiree trunk, Air Figure 2C) the horizontal discretization of tloeefst canopy layers is set to 4.20 m by
4.20 m and the remaining volume beyond the bota@free is made of air alone (density 0.00116B8)/cThus, 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 daméi 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 amdolfage is 79% and
21%, respectively, typical of Norway spruce. Thigaige material is a composite of cellulose andhait the density is the
sum of the two (0.001318 g/émA total of 7182 trees are evenly spaced withemnodel domain. The fourth and most
complex forest canopy conceptualization (Motiee trunk, FoliageFigure 2E) is equal to the Mod&tee trunk, Foliage
except that air is also included in the descriptbthe forest canopy layers and the density oftliage is increased to
obtain the same above-ground biomass as for tleg othdels. The foliage is specified as a 1.7 nkthand around the

tree cylinder and the density of foliage mater@hposted of air and cellulose is 0.00151 gcm
Table 4 and Figure 2 areinserted here

2.3.2. Sensitivity to environmental conditions
The sensitivity of thermal and epithermal neutnuemsities to soil moisture is examined using miadelThe soil moisture
in the Gludsted Plantation reference model is digelcio 0.18 and both drier and wetter soils arelebed to test the
sensitivity, i.e. 0.05, 0.10, 0.25, 0.35 and 0R&th the forest canopy conceptualization of Motiee trunk, Foliage, Air

and the ModeFoliageare used.

The thermal and epithermal neutron intensity idl@product of hydrogen abundance as well as el@ingzmposition.
The Gludsted Plantation reference model includiegraplex forest conceptualization (Modeke trunk, Foliage, Airjs
used to test the sensitivity of thermal and epitte@meutron intensities to soil chemistry. The Ghed Plantation reference
model holds the most complex soil chemisfou(th order complexifywith multiple subsurface layers composed of

measured concentrations of major elements detedhipeXRF, soil organic matter, gadolinium and ro@table 3). In
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order to test the effect of simplifying the soilechistry a component is excluded one at the timéhifig order complexity
soil organic matter is excluded, @cond order complexitgoil organic matter and roots are excludedir8) order

complexity soil organic matter, roots and gadolinium ardwked, and 4pure SiQ; all other components are excluded.

The sensitivity of the modeled thermal and epitredmeutron intensities to the presence of the acgéter layer is
investigated using the Gludsted Plantation refexenodel including a complex forest conceptualizafidodel Tree trunk,
Foliage, Air), in which the thickness of the litter layer is s@be 10.0 cm. Sensitivity simulations are carpetifor the
following thicknesses of the litter layer: 0.0 c&5 cm, 5.0 cm and 7.5 cm. For all litter layer misgthe 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 measurement uncertadspecially for the
litter as sampling and drying is very challengiog fhaterials including large amounts of soil orgamitter (O'Kelly,
2004). Given that the elemental composition andsitgf the soil matrix is relevant for the neutiobensity the
sensitivity of dry bulk density on thermal and apitmal neutron intensity is examined. The dry ldéksity of the
Gludsted Plantation reference model is set to /847 for the litter layer and 1.09 g/érfor the mineral soil. The Gludsted
Plantation reference model including the complerdbconceptualization (Mod&tee trunk, Foliage, Air)s used to test
the sensitivity applying four scenarios: 1) higtey bulk density of the litter layer (0.50 g/&n2) higher dry bulk density
of the mineral soil (1.60 g/cty 3) lower dry bulk density of the litter layer.20 g/cni), and 4) lower dry bulk density of
the mineral soil (0.60 g/cth All values with the exception of higher dry bulknsity of 1.60 g/cffor the mineral soil
(standard value for quartz; soil particle densft® 66 g/cni and a porosity of 0.40) are within the range ef th

measurements (see Table 2).

The Gludsted Plantation reference model includirgdomplex forest conceptualization (Modete trunk, Foliage, Air)s
used to test the sensitivity to canopy intercephipincreasing the density and water content ot#iks described by
foliage material. The forest canopy of the refeeemodel is dry (foliage material density 0.0015dng). In order to test
the effect, water equivalent to 1 mm (foliage miatatensity 0.00155 g/c# 2 mm (foliage material density 0.00159
g/cnt) and 4 mm (foliage material density 0.00167 gfooi canopy interception is added to the foliaghimee.

The sensitivity to biomass is investigated usirgg@iudsted Plantation reference model with the dexnforest
conceptualization (Modéiree trunk, Foliage, Ajrand the simplified model-setup (Modeabliage). The biomass of the
Gludsted Plantation reference model is equivaleatdry above-ground biomass of 100 t/ha and d&@elgw-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 maidbout vegetation (Moded t/ha Figure 2A) and three models with
different amounts of biomass are used (see TablEh) forest canopy layer extending uniformly fridm ground to 25 m
above the ground surface is for the model with egetation assigned with the material compositiahdensity of air. The

amount of biomass modeled for the three remainindets is equivalent to a dry above-ground biomé#&s$)&0 t/ha, 2)
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200 t/ha, and 3) 400 t/ha. The size of the celthénforest layers and the density of the foliagdemal 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 tiite-series of hourly and daily ranges of theraral epithermal
neutron intensities collected at the Gludsted Rtamt during the period 2013-2015, and measurediastd thermal and
epithermal neutron intensity profiles (November 2@hd March 2014). Following the Poissonian statighe relative
uncertainty decreases with increasing neutron sittenT he relative measurement uncertainty is fioeeehigher for the
hourly time series data than for the multi-houyl@ hr) and daily measurements. Accordingly, weosle to rely mostly

on the time-series measurements, as the measuramantainty is lower than for the neutron heigtfites.
Figure 3isinserted here

Overall, time-series and profile measurements piesgimilar results in agreement with theory. Thertal neutron
intensity decreases considerable with height algoyend surface and is at canopy level reduced dayrak 50% compared
to at the ground level. The epithermal neutronnsity increases slightly with height and is arow@d15% higher at the
canopy level compared to the ground level. Oveaatemarkable agreement between measured and rdodzleon
intensities is seen in Fig. 3. We stress that ibregion of the governing physical propertieslie 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 coroefization models are provided in Table 5. All retetl neutron intensity
profiles are within the range of hourly time-seniesasurements, and in particular the thermal neydrofiles are in
agreement with measurements. Overall, the modedtseainore complex forest canopy conceptualizatimd,ding a tree
trunk, provide similar thermal and epithermal nentprofiles. The ground and canopy level thermatioa intensity of
models with forest canopy conceptualization of Moltee trunk, Foliageand ModelTree trunk, Foliage, Aiare within

the daily ranges of the time-series measurememtritrast, the modeled epithermal neutron proéfeatie more complex
models are slightly underestimated and the prefidpe is steeper than the measured profiles. Nesless, the modeled
epithermal neutron intensity profile is still withthe ranges of the time-series of hourly measunésreg both height levels.
The neutron intensity profiles of the simpler faresnopy 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.
Table5isinserted here

The most appropriate forest canopy conceptualizasimot obvious from Fig. 3 as the best fit of thermal measurements

is found using a complex conceptualization, wHile more simple foliage conceptualization matchesthithermal
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measurements better. Here, a sensitivity analygeiiform using the most complex model and occafliothe simplest
forest canopy conceptualization to examine theceffésoil moisture, soil dry bulk density and carsition, litter and
mineral soil layer thickness, canopy interceptiod biomass on the thermal and epithermal neuteorsgrort at the

immediate ground-atmosphere interface.

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

six different soil moistures, 0.05, 0.10, 0.18,5).2.35 and 0.45, are presented in Figs. 4 anespectively. To enable
comparison the measurements included in Fig. &laceincluded in Figs. 4 and 5. The sensitivitgoil moisture on
thermal and epithermal neutron intensities at tioeiigd and canopy level relative to the Mo@iete trunk, FoliageAir and

Model Foliage at reference conditions (soil moisture 0.18) isvted in Table 6.
Figure4, Figure5 and Table 6 areinserted here

As expected, the thermal and epithermal neutr@nsity is seen in Table 6, Figs. 4 and 5 to deeredth increasing soil
moisture. For both model-setups, the largest chaimgeeutron intensity occur at the dry end ofgbi moisture range and
for the epithermal neutrons. For Modeke trunk, Foliage, Ai(Figure 4), only a minor decrease in the sensjtiof soll
moisture on epithermal neutron intensity is obsémyeing from ground level to canopy level (approxiety 15%
reduction in intensity range corresponding to &moisture change of 0.40). On the other hands#resitivity 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 response to soil moisture is similattfier model with a
simple forest canopy conceptualization (Figure-Hgwever, both thermal and epithermal neutron intesssare found to be
slightly more sensitivity to soil moisture. Neutrioitensity at dry and wet soil conditions is regmed by the range of
time-series neutron intensity measurements. Ovehallmodeled neutron intensities are within thasoeement range and

the more appropriate model-setup for Gludsted Btemmt 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 atemi
composition from XRF measurements are excludecdabiiee time (fronthird to first order complexityand the final model
includes a simple silica soib{0,). The exact sensitivity of excluding the differemmponents on ground and canopy level
thermal and epithermal neutron intensity is quadifn Table 6 (see values in parentheses). Orlyemoval of soil
organic matterthird order complexitychanges the neutron intensity significantly atdsted 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
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Figure6isinserted here

Neutron intensities are found to decrease witthareasing layer of litter, having the greatest iotwa 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. Additially, the sensitivity to litter and mineral soilsy bulk density on neutron
intensity is examined as a considerable range lakgds measured within the footprint of the nentdetector (see Table
2). Models including higher litter layer (0.50 g ¢jrand mineral soil dry bulk density (1.60 g &nas well as lower litter
layer (0.20 g cil) and mineral soil dry bulk density (0.60 g @honly provided slight changes in thermal and epitiral
neutron intensities. Nevertheless, a reverse ragpohichanged bulk densities is observed. A deensaseutron intensity
is obtained both by increasing the dry bulk densftihe litter material and decreasing the dry kiéksity of the mineral
soil. Conversely, higher neutron intensities anmpoted by decreasing the dry bulk density of ttierlimaterial and

increasing 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 Motlede 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 epithermalroauntensity 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 obsegnahd level thermal neutron intensity of approxiely 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 Poissatatistics. Thus, the signal of canopy intercepisowithin the
measurement uncertainty, and cannot be identifi€wsted Plantation using the available cosmycAgutron

measurements.

Although detection of canopy interception at GledsPlantation is unfavorable it may still be pokesét more appropriate
conditions. Canopy interception modeling as desdrifbove is therefore also performed for soil noés0.05, 0.10, 0.25
and 0.40. Ground level t/e ratio of the 20 modehbmations are plotted against ground level themealtron intensity,
ground level epithermal neutron intensity and vadtmc soil moisture (Figure 7). We choose not tdude measurements
in the figure because the measurement uncertdimtyelevant integration time is greater than igea of canopy

interception.
Figure 7 isinserted 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) amtlimetric soil moisture (Figure 7C). Ground let/elratio is found to

increase with increasing canopy interception. Tioeigd level t/e ratio for a dry canopy is on aver@g04, while the
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average at 4 mm of canopy interception is 0.83@r@li; the same increase in ground level t/e iatmbtained per 1 mm

additional canopy interception.

3.5. Biomass
The sensitivity to the amount of forest biomassh@mrmal and epithermal neutron intensity usingftiiest 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.

Forest biomass is seen to significantly alter Hegrhal and epithermal neutron intensity both wiards 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 raiffieretht depending on the two forest canopy conegfations. For the
Model Tree trunk, Foliage, Aithe increase in biomass results in an increaieeimal neutron intensity while the
epithermal neutron intensity decreases (Figure Bf@m ground level and up to an elevation of appnexely 20 m the
sensitivity to the amount of biomass on the neutnbensity is almost the same. From 20 m heiglet sénsitivity decreases
with increasing elevation and for thermal neutrthessignal of biomass is almost gone at canopyt [@at presented here).

At canopy level, the sensitivity on epithermal meus is 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) decreassdround and canopy level thermal neutron intesssifThe epithermal
neutron intensity decreases at ground level ang#ase proportionally at canopy level with incregsamounts 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 therma epithermal neutron intensity profiles depéighly on the chosen
model-setup (forest conceptualization). At thigistave cannot determine which conceptualizationadse realistic, and we
therefore choose to use both conceptualizatiotisaifiurther 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 provides
different relationships, and measurements and rivagglate not fully in agreement. Alternatively, ozen also potentially
use the t/e ratio at the ground level to assesadse. The advantage is that only one station ideteeand that at a
convenient location. This would also allow for seys of biomass estimations to be conducted fromilenabsmic-ray

neutron intensity detector systems, e.g. instattecehicles.
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The measured and modeled ratios are again provisiad both forest canopy conceptualization, i.ed®ldree trunk,
Foliage, Air(Figure 8) and Moddtoliage (Figure 9). The ratios are plotted against A) giblevel thermal neutron
intensity, B) ground level epithermal neutron irgiéyy and C) soil moisture estimated using thenéthod (Desilets et al.,
2010). Measurements are provided as daily averbgesekly averages and as a total average of tlobentvo-year-

period.
Figure 8 and Figure 9 areinserted here

The modeled ground level t/e ratio increases vatkedt biomass (Figures 8 and 9). Drying or wettihgoil change the
thermal and epithermal neutron intensity proposltynand the ratios are accordingly found to beejpehdent 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 nedtr@msity and soil
moisture (Figures 8C and 9C) in particular seeimfaact the ratio. Overall, for the ModEtee trunk, Foliage, Ain Fig.
8, a remarkable agreement is seen when comparngvtityear-average of the measured ratio with tbdeted value of
Gludsted Plantation (100 t/ha dry above-ground bissnFigure 8). The biweekly averages of measuresnaea all within
the ratios modeled for biomass of 50 t/ha - 208.tHor the ModefFoliagein Fig. 9 the measured ratio is in better
agreement with a lower biomass (50 t/ha dry abaeesgyd biomass) and the biweekly averages of thesunements are
much wider exceeding both the lower and upper banndf ratios provided by the models of 50 t/ha 404 t/ha dry
above-ground biomass. A fairly proportional inceeasthe ground level t/e ratio with respect toagee amounts of
biomass is found when using Modeke trunk, Foliage, AifFigure 10). Contrarily, when using Mod&dliage, a more
uneven increase in the ratio with increasing anmohbiomass is provided. A major increase in tteagd level t/e ratio
of around 0.22 appears from no vegetation to abpyve-ground biomass of 50 t/ha. However, additiameunts of
biomass only increase the ground level t/e ratghty. With additional 350 t/ha biomass (from 30 to 400 t/ha dry

above-ground biomass) the t/e ratio increases ky0@5 cts/hr.

Figure10isinserted here

4. Discussions

4.1, Neutron height profile measurements and forest conceptualization
Slightly different neutron height profiles and t&tios were measured during the field campaigiéanember 2013 and
March 2014 (Figures 3-5). The area average soista was similar for the two field campaigns, #medifferent neutron
height profiles could therefore instead be a resfulissimilar soil moisture profiles or differesil moisture of the litter
layer and the mineral soil. During two out of themd sampling field campaigns different soil maigt of the litter layer
and the mineral soil was observed at Gludsted &iant (soil samples were collected at 18 locatiwitkin a circle of 200
m in radius and in 6 depths from 0-30 cm depthofeihg the procedure of Franz et al. (2012)). Additll, the different

neutron height profiles could also be a resultefdifferent climate and weather conditions reldtethe seasons of
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detections (spring and fall). However, both neuoofiles are within the ranges of the daily tinexiss measurements and
we therefore still believe that they can be usetthénassessment of the modeled neutron profilesfuliare studies we

recommend soil sample field campaigns to be corduoh the days of neutron profile measurements.

The neutron transport at the ground-atmosphereaue 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 appied 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 treaklde more according to the actual placementeektat 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 on neutron intensity to soil chemistry and dry bulk density
In contrary to Gludsted Plantation, the sensitititysoil chemistry on thermal and epithermal nautraensity profiles was

found to be more substantial at Voulund Farmlanddi&asen et al., 2016). The soil organic mattetecarat Voulund
Farmland is smaller and the soil chemistry is, pké®m a few elements (added in relation to famgractivities; spreading
of manure and agricultural lime), similar to Glusi$tPlantation. Modelling shows that the sensititatgoil chemistry at
Gludsted Plantation is dampened by the considesahtmunt of hydrogen present in the litter at thregofloor and the
forest biomass (not presented here). Accordinply gffect of litter and mineral soil dry bulk degsin neutron intensity is
expected to be greater at non-vegetated field Elite.reverse effect of increased dry bulk dendititter and mineral soil
on neutron intensity is a result of the differeleineental composition of the two materials. The picithn rate of low-
energy neutrons (<1 MeV) per incident high-energytron is higher for interactions with elementsigher atomic mass
(A% where A is the atomic mass) (Zreda et al., 20li2avier elements are in particular found in mihsed and an
increase in the dry bulk density entails a highedpction rate and therefore higher neutron intgnsihe concentration of
hydrogen is increased with an increased dry bulisite of litter material resulting in a greater neoation and absorption
of neutrons, and as a consequence lower neutrensities. To summarize, the mineral soil acts poducer of thermal

and epithermal neutrons, while the litter actsrasalasorber.

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

within the measurement uncertainty at GludstedtBtem. In order to obtain a signal-to-noise ratfd, either an 11-hour-
integration time or 11 detectors similar to thetallsd are needed. However, longer integration disr@ not appropriate
when considering Gludsted Plantation as the redtore of canopy interception (cycling between préaton and
evaporation) often is short (half-hourly to houitpe resolution). Although the change in the thoravith wetting/drying

of the forest canopy is small the canopy intercgpthay potentially be measured using cosmic-rayroauntensity
detectors at locations with: 1) a high neutronnstty level (lower latitude and/or higher altitu®},more sensitive neutron

detectors, and 3) greater amounts of canopy intéarewith longer residence time (e.g. snow). Wegast future studies
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investigating the effect of canopy interceptionti@ neutron intensity signal to be performed aafimns matching one or

more of these criteria.

4.4, The sensitivity to biomass on neutron intensity
The neutron intensity depends on how many neuomproduced, down-scattered to lower energiesabadrbed.

Including biomass to a system increases the coratent of hydrogen and leads to reduced neutransity as the
moderation and absorption is intensified. Despiig, increased thermal neutron intensity is prodidéth greater amounts
of forest biomass using Modg&tee trunk, Foliage, AirWe hypothesize that forest biomass enhancesathef moderation
more than the rate of absorption. Thus higher thérmautron intensity is obtained as the numbeheifrhal neutrons
generated by the moderation of epithermal neuteseeeds the number of thermal neutrons absorbésl b&havior may

be due to the large volume of air within the foreatopy. The probability of thermal neutrons t@ratt with elements
within this space is low as the density of airiwl Applying ModelFoliage both thermal and epithermal neutron intensity
decreases with added amounts of biomass. The beylathavior (compared to Mod€tee trunk, Foliage, Ajrmay be

due to the different elemental concentration offtitest canopy layers. Here, no space is occupjedrhaterial of very low

elemental density and may lead to an increasedatiimo of thermal neutrons.

The discrepancy of measured and modeled grounditfevatios (Figures 8 and 9) could be relatedljsshortcomings in
the model setup, i.e. a need for an even morestiealorest conceptualization, and more detailed gmto-date forest
information. A model including a sufficient represation of the field site will provide neutron hitgrofiles 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&és estimate. The 100 t/ha dry above-ground lssmvas estimated
using LIDAR images from 2006 and 2007 and therefartecompletely representative of the 2013-2015ltamns (because
of tree growth). Furthermore, the biomass estimatéed considerably within the image (standard algen = 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 sg#ife.g. neutron intensity, soil chemistry), thodgfferent 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 SeptembB@m2? September 23
2015, respectively. Only minor amounts of organatter were present in the stubble and residugbiofig barley
harvested in August 2015. Additionally, the grolexkel t/e ratio was determined based on modelingaoé ground and
site specific soil chemistry measured at Voulunthitand (Andreasen et al., 2016). The modeled ratis found to be 0.56
in agreement with the measured ratios. The ratidetedl based on the non-vegetated conceptualizatiGtudsted

Plantation was slightly higher (0.60, see Figur@ésid 17). Here, a 10 cm thick litter layer waduded in the model. The
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sensitivity analysis on the effect of litter layer neutron intensity (Figure 8 and Table 6) imptlest lower ground level t/e

ratios are found at locations with a thin or ntelitayer.

The ground level t/e ratio at the Harrild Heathlaves 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 praskiatrrild Heathland. At Gludsted Plantation, tagaris 0.73 for dry
above-ground biomass equivalent of 50 t/ha. Acoglgli the ratio measured at Harrild Heathland imew@here in between
the ratio modeled for a non-vegetated field site arfield site with biomass equivalent to 50 t/lmaabove-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 aditay to modeling. Still, ground level t/e ratio detion at locations of
known biomass should be accomplished to test thgesied relationships. We recommend a detectideraywith higher
sensitivity to be used when a location of low nentintensity rates (like Gludsted Plantation) isveyed, unless long
periods of measurements can be conducted at eaaduneenent location. This can be accomplished mgusarger sensors,
an array of several sensors and/or sensors that@e efficient, as is done in roving surveys (€fman and Zreda, 2013;
Franz et al., 2015).

5. Conclusion
The potential of applying the cosmic-ray neutraemsity method for other purposes than soil moéstigtection was
explored using profile and time-series measuremamgutron intensities combined with neutron tpors modeling. The
vegetation and subsurface layers of the forest iraetap 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, soméati®ns 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, includartgee trunk and multiple materials, while the defit to epithermal
neutron measurements was found using the mosteifofst canopy conceptualization, including a hgemmus layer of
foliage material. A sensitivity analysis was penfied to quantify the effect of the forests goverrpagameters/variables on
the neutron transport profiles. The sensitivitycahopy interception, dry bulk density of litter améheral soil, and soil
chemistry on neutron intensity was found to be &rit&le ground level t/e neutron ratio was founihtrease with
increasing amounts of canopy interception and tméependent of ground level thermal neutron irtgnground level
epithermal neutron intensity and soil moisture. ldger, the increase was minor and the measuremeattamty exceeds
the signal of canopy interception at a timescalg@griate to detect canopy interception at Glud§teahtation (half-hour

to hourly). The signal of canopy interception catemtially be isolated in measurements from locetiof higher neutron
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intensities (lower latitudes and/or higher altitsdeith canopy interception of longer residenceetimnd larger storage
capacity (e.g. snow). Neutron intensity was foumtlé more sensitivity to litter layer, soil moistiand biomass at the
forest field site. An increased litter layer at theest floor resulted in reduced neutron intessitparticularly for epithermal
neutrons. Forest biomass was found to alter thentileand epithermal neutron transport significgritiyth in terms of the
shape of the neutron profiles and the t/e neutating. The response to altered amounts of biomasisssmal and
epithermal neutron intensity is non-unique for siraple and complex forest conceptualization anth&rradvancement of
the forest representation is therefore necessétly.cBsmic-ray neutron intensity detection fobhiass estimation at an
intermediate scale is promising. Both the diffeehetween ground and canopy level thermal andepiidl neutron
intensity, respectively, and the ground level #&os was found to increase with additional amoofhtiomass using the
simple and complex forest canopy conceptualizafidre best agreement between measurements and ngpdels
obtained for the ground level t/e neutron rationgsa model with a complex forest canopy concematitin. Additionally,
the modeled ratios were found to agree well with tearby field sites with different amounts of basa (a bare ground

agricultural field and a heathland field site).
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Tables
Table 1 — Dynamics of different hydrogen pools.

Static Quasi-static Dynamic

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 ci 1.09 0.28 1.53 0.22

* Data obtained from the Daniédture Agency

10
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5

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).

Thermal Thermal Epithermal Epithermal

15m 275m 15m 275m
Gludsted Plantation models (Fig. 3) Foliage 573 7 20 681 813
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) soil moisture, (2) shiemistry, (3) litter layer thickness, (4) minksail and litter dry bulk
density (bdy), (5) canopy interception and (6) biomass. Thesisieity is provided in absolute values and aratige to the
simulations based on Mod€&fee trunk, Air, Foliageand ModelFoliage*, respectively (see Fig. 3 and Table 5). Values
provided in parentheses specifies the direct etitone-by-one excluding soil organic mattird order complexity, Gd

(second order complexjtybelow ground biomaséirst order complexityand site specific major elements soil chemistry

(SIO).
Thermal Thermal Epithermal Epithermal
15m 27.5m 15m 275m
Soil moisture models (Fig. 4) 0.18 504* 257* 623* 177
0.05 100 47 131 109
0.10 45 20 58 50
0.25 -25 -12 -27 -23
0.35 -47 -22 -53 -45
0.45 -59 -28 -69 -59
Soil moisture models (Fig. 5) 0.18 573** 207* 681* 813**
0.05 119 40 142 115
0.10 56 18 68 53
0.25 -27 -9 -30 -23
0.35 -50 -16 -55 -48
0.45 -64 -21 -74 -61
Soil chemistry models (Fig. 6) "prder complexity 504* 257* 623* 717*
39 order complexity 19 (+19)  8(+8) 25 (+25) 14 (+14)
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2" order complexity 18 (-1) 9 (+1) 27 (-2) 17 (+3)
1% order complexity 22 (+4) 10 (+1) 26 (-1) 18 (+1)
Sio, 27 (+5) 11 (+1) 23 (-3) 19 (+1)
Litter layer models (Fig. 6A) 10.0 cm 504* 257* 623 717*
7.5¢cm 11 4 26 22
5.0cm 18 9 53 41
2.5cm 24 12 85 71
No litter layer 22 17 131 113
Density models Gludsted Plantation* 504* 257* 623* 717*
Higher litter layer bgly -7 -5 -10 -6
Higher mineral soil bg, 15 5 17 10
Lower litter layer bg,, 7 2 14 10
Lower mineral soil bgl, -26 -13 -22 -18
Canopy interception models (Fig. 6B) Dry canopy 504  257* 623* 717*
1 mm -2 -3 0
2mm 7 -3 -5 5
4 mm 15 -7 -5 2
Biomass models (Fig. 6C) 100 tha 504* 257* 623* 717*
No vegetation -67 -21 99 85
50t ha' -16 -8 45 33
200t hd 14 2 -70 -47
400t hd 21 2 -172 -116
Biomass models (Fig. 6D) 100 tha 573** 207** 681** 813**
No vegetation -136 29 41 -28
50t ha' 0 24 13 -23
200t hd -9 -32 -26 22
400t hd -48 -59 -82 73
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Figures

Figure 1 — Map showing the location of the threddfisites; G: Gludsted Plantation (light gray),Waulund Farmland
5 (beige) and H: Harrild Heathland (purple). The leiscrepresent the footprint of the neutron detegtatius = 300 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 —_
(3.9-4.0m)
Horizontal model conceptualization C X ) o0 o0
as seen from above . . Y o0

Figure 2 — Model conceptualizations of forest. A:farest canopy layer (model nanfet ha'); B: homogeneous foliage
layer with a uniformly distributed biomass (modahme:Foliage); C: cylindrical tree trunks with air in betweemddel
name:Tree trunks, Ay, D: cylindrical tree trunks with foliage in betem (model naméfree Trunkskoliage); 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 angggithermal neutron intensity profiles at GludsBdantation. 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 soil moisture (Modetee trunk, Foliage, Aj)r 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.

Page 32 of 36



Thermal neutron intensity profiles Epithermal neutron intensity profiles
\\‘»‘»‘» \ \l ‘ ‘ ‘ — Canopy surface —— Canopy surface ‘ ‘ ‘rl rl /l /l 1' r'
o Model: Model: TR '
35} ttope - ® - Soil moisture: 0.05 35|~ @~ Soil moisture: 0.05 osie ¢ e
[ITRN -0-0.10 -0-0.10 [N ! I
L [ 1 1
W - ®-0.18 - ®-018 I I I
— e - - [ 1 ! 1
30t -0-025 30/~ °-0.25 i
é WH. -4-035 -¢-035 Iﬁ” !/ é ,/
] D A — : st (N PO TEVID D W—
Q *:o.oo { -0-0.45 -0-045 * om o S
E 25r I‘.DI%:}‘ Measured: 25 Measured: %:;o): § ‘: b
- woe T Hourly range | | = Hourly range g“g i 3 e
= Q® — Daily range — Daily range i o e
> =6 o ) | ]
o 20r Ocm 0\ ® Nov-2013 20| ® nNov-2013 %‘6‘ S 8 ]
00 =0 RN ) 060 ® o [J
o Don & @ O Mar-2014 O Mar-2014 e & e
3 Q<> ® — Standard deviation — Standard deviation O é} by
8 15f ® 4 15F b S 8
© n O ®
™ -0, ®
= "X e ®
3 o " $
T 10f Bom o e 1 10- s 1
[= oY TSR [ ]
oeom O @ ®
oeow O ®
5t 0D H@{¢ & i 5 i
= X3 NN
oeom X e
A. AR N B. Sk I S ‘
0 | | , DeOw O K ) | 0 | | 0e om RS | |
100 200 300 400 500 600 700 800 900 200 300 400 500 600 700 800 900 1000
Neutron intensity [cts/hr]

Neutron intensity [cts/hr]

Figure 5 - Sensitivity to soil moisture (Modebliage). Measured and modeled (A.) thermal and (B.) epittal neutron

intensity profiles at Gludsted Plantation. Hourhdadaily ranges of variation of thermal and epitharneutron intensities

at ground and canopy level for the period 2013-2015
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Thermal and epithermal neutron intensity at groand canopy level.
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Figure 8 — Neutron intensities measured at GludBtadtation in the time period 2013-2015 and matieking the Model
Tree trunk, Foliage, AirGround level thermal-to-epithermal neutron intgnstio plotted against measured and modeled:

A.) ground level thermal neutron intensity, B.) gnd level epithermal neutron intensity, and C.uweétric soil moisture.
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Figure 9 — Neutron intensities measured at GludBtadtation in the time period 2013-2015 and matiaking the Model
Foliage Ground level thermal-to-epithermal neutron intgnstio plotted against measured and modeledgfoynd level

thermal neutron intensity, B.) ground level epithal neutron intensity, and C.) volumetric soil ntois.
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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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