Replies to review comments
MS No.: hess-2016-226

by Andreasen et al.

Referee #1:

The authors present an interesting study combining novel cosmic-ray neutron probe observations with MCNP
modeling. The paper is well written and suitable for HESS. Moreover, the paper is a first attempt to better
resolve the discrepancies between observed moderated and bare neutron counts and what is modeled with
neutron transport simulations. The ability for the CRNP to detect smaller pools of hydrogen in the environment
remains a challenging and exciting problem in this field. | have a few suggestions to help improve the
manuscript.

Comments:

The Andreasen 2016 WRR article (i.e. pg. 7 L 18 and elsewhere) is not yet available to my knowledge. | suggest
the authors remove the citations or include the manuscript for the reviewers to investigate. Hopefully the WRR
paper comes out before this paper, otherwise the reference is inappropriate in its current form or without the
accompanying manuscript.

AC1 (Author comment # 1): The paper was accepted on July 29 2016. The reference provided in the manuscript
has been updated.

Andreasen, M., K. H. Jensen, M. Zreda, D. Desilets, H. Bogena, and M. C. Looms (2016), Modeling cosmic ray
neutron field measurements, Water Resour. Res., 52, doi: 10.1002/2015WR018236.

Based off my own unpublished observations of biomass detection with CRNP, | am curious if plotting
moderated counts (corrected for water vapor) vs. bare to moderated ratio vs. standing biomass/water
equivalence reveals a linear plane. This linear plane is very evident in soybean and maize data. Perhaps plotting
the data in this manner will elucidate the biomass and or canopy interception signal?

AC2: We did the plot as suggested by Referee #1. We found a plane, yet, it was not very evident, and we have
therefore chosen not to include it in the manuscript.

Pg 3. L6. free parameters is relatively high. . .
AC3: The suggested change has been added to the manuscript.

Pg 4. L11. Should coordinates be in decimal degrees instead of minutes and seconds? Not sure of HESS
guidelines. . .



AC4: HESS manuscript preparation guideline for authors has few details on coordinate systems. | have looked
through a few papers published by HESS, and here they used the same coordinate system as we do (e.g. Hengl,
T., Heuvelink, G. B. M. and van Loon, E. E. (2010): On the uncertainty of stream networks derived from
elevation data: the error propagation approach, Hydrol. Earth Syst. Sci., 14, 1153-1165, 2010, doi:
10.5194/hess-14-1153-2010).

Pg 4. L23. How dynamic is the 45% vegetation water component over the year? Were repeated bole
gravimetric water measurements made? This turned out to be very important in a study in ponderosa pine in
AZ. Unfortunately, tree water content is very rarely reported (i.e. Jenkins 2003).

AC5: Unfortunately, no bole gravimetric measurements were conducted. The same water content is assumed
for the whole bole although the water content in the outer rim of a spruce holds more water than in the core
of the bole (www.trae.dk - Danish reference). We found this assumption to be appropriate as a first attempt to
model the neutron transport for a forest field site, however, we may for future studies include a more detailed
description of the trees and the forest canopy.

Pg 7. L 30. Despite the CRNP detector footprint mismatch and volume changes, techniques like eddy covariance
have overcame these shortcomings to be established as the gold standard in surface energy balance. This is
useful to remember when getting caught up into footprint details that may never be fully resolved. No action
items but more of a comment.

AC6: We agree with referee #1 and have changed the wording in Section “Footprint” a bit. A line has been
erased: “The potential mismatch in the footprint of the bare and the moderated detectors is a concern when
combining the neutron intensity measurements.”

The last part of the section is now as follow:

“...The potential mismatch in the footprint of the bare and the moderated detectors is a concern when
combining the neutron intensity measurements. Nevertheless, the environmental conditions at the field sites
are fairly homogeneous and although the footprint might be different as a first approximation we assume the
neutron intensity measured using the bare and the moderated detector are comparable.”

Pg 9. L 31. Any idea about the effect of clustering or aggregation of trees in space? Probably beyond the scope
of this paper but would be interesting to extend this sensitivity analysis to where the detector is located vs. the
local aggregation of tree clustering.

AC7: We have not yet tested the impact of clustering/aggregating the trees, but we would like to in the near
future. We have included this in the discussion in section 3.1.:

“Improved comparability to measurements may be obtained by advancing the forest canopy conceptualization.
Currently, one tree is defined and repeated throughout the model domain. The trees are placed in even rows
and the same settings are applied from the ground surface to 25 m height. In order to advance the forest
canopy conceptualization, trees of different heights and diameters could be included, and the placement of the



trees could be more according to the actual placement of trees at the forest field site. Additionally, variability
in tree trunk diameter, foliage density and volume with height above the ground surface could be
implemented.”

Pg 11. L 29. The relative uncertainty for hourly time series is lower than 2-12 hr and daily? Is that true?
AC8: Thanks for pointing this out. “Lower” has been changed to “higher”.

Pg 12. L1. Very different despite of similar soil? Sentence doesn’t make sense, please revise.

AC9: The paragraph has been changed:

“Still, some differences are observed between the neutron height profiles measured in November 2013 and
March 2014. The soil moisture was similar during the time of neutron profile detection and we expected the
differences to be ...”

Pg 15. L9. As we from the calculation? Sentence doesn’t make sense, please revise.

AC10: The sentence has been changed: “We choose not to include measurements in the figure because the
measurement uncertainty at a relevant integration time is greater than the signal of canopy interception.”

Pg. 16 L 30. Are highly variable. . .
AC11: The suggested change has been added to the manuscript.
Pg 18. L 7. Aremarkable fit. . .

AC12: The suggested change has been added to the manuscript.

Referee #2:

The Authors present the results of a neutron model used to explore the effect of different hydrogen pools on
the signal of the Cosmic-Ray neutron sensors (CRNS). The neutron model was set-up to mimic a specific forest
site in Denmark. Based on that, a sensitivity analysis (SA) to several environmental conditions (7 factors) was
provided. The effect on thermal neutrons, epithermal neutrons and sensors placed at different heights are
discussed. The study is relevant since the CRNS is a method that was applied in several conditions for soil
moisture measurements but the role of other hydrogen pools has to be further investigated. Overall, the
manuscript (MS) could be an interesting publication suitable for HESS. However, it needs improvement in
different directions. The story line is not always consistent, the introduction part is limited and the
presentation of the results should be better organized. Finally, | think the MS could be extended with a
discussion section. For these reasons | think the Authors should put some more effort to improve the
manuscript before publication.



AC13: We agree that the story line is a bit week and that the paper is a bit hard to read. We find your
comments and suggestions very helpful. The introduction and results section has been changed considerably,
and the conclusion has been updated and improved.

Details on our edits and changes are provided in the sections below.
General comments

[1] The story line is built on the use of CRNS for biomass and canopy interception while a SA is conducted to
explore the role of several other hydrogen pools. Moreover, in my opinion, the manuscript is relevant also
because the neutron modeling explores in details the use of thermal neutrons and, for the first time, the use of
sensors placed at different heights. However, these two novel aspects are completely missed in the
introduction and they are taken for granted in the discussion of the results. For these reasons | think the story
line is not consistent with the actual analysis reported and introduction and conclusions does not provide a
clear roadmap and summary of what this study accomplishes. Overall the manuscript should be reshaped along
a clearer story line more consistent with the analyses reported where the Readers should be introduced to the
actual state of the CRNS applications (e.g., only moderated counter and just above ground measurements).
Novelties of the study and concluding remarks about potentiality and limitations should be better clarified in
the final conclusions (i.e., the use of the bare counter and ratio between bare and moderated; the use of
sensors placed at different heights; the effect of several environmental conditions to the signal). Specific
comments/suggestions are reported below.

AC14: As suggested by the reviewer we have reworked the manuscript to obtain a clearer story line.
The introduction has been reworked:

“The ability to separate the signals of the different hydrogen pools on the neutron intensity is valuable both for
the advancement of the cosmic-ray neutron soil moisture estimation method and for the potential of
additional applications. The potential of determining canopy interception and biomass from the cosmic-ray
neutron intensity is valuable as they form essential hydrological and ecological variables. Both are difficult and
expensive to measure continuously at larger scales. Although the effect of biomass and biomass growth on
cosmic-ray neutron intensity can be accounted for using independent methods, there is currently no
established method for independently constraining biomass based on cosmic-ray neutron data alone.”

and

“Previous studies examining the effect of hydrogen on cosmic-ray neutron intensity has for most cases
considered a single neutron energy range (neutron intensity measured using the moderated neutron detector)
at a single height level (typically 1.5 m above the ground). Thermal and epithermal neutrons are both sensitive
to hydrogen, but are characterized by very different physical properties resulting in unique responses to
environmental settings and conditions at the immediate ground-atmosphere interface. For this reason, thermal
and epithermal neutron intensity at multiple height levels above the ground surface are considered in this
study.



The study is conducted at a forest field site using thermal and epithermal neutron measurements from bare
and moderated detectors constrained with correction factor models (Andreasen et al., 2016) and modeling
using the recognized and widely used Monte Carlo N-Particle transport code (MCNP) (Pelowitz, 2013). Neutron
transport modeling of specific sites is limited and has only been performed for non-vegetated field sites (Franz
et al., 2013b; Andreasen et al., 2016). In this context, forest sites are especially complex to conceptualize as the
number of free parameters is relatively high (e.g. biomass, litter, soil chemistry, interception and the structure
of the forest). Here, we first focus on modeling a forest field site. The model is developed from measured soil
and vegetation parameters at the specific locality. The modeled neutron intensity profiles are evaluated against
profile measurements on two different dates separated by five months, and also against time-series of neutron
intensity measurements at two heights. Following, the forests environmental impact on thermal and
epithermal neutron intensities are identified and quantified by applying a sensitivity analysis based on the
model representative of the forest field site. In addition to improving the understanding of the environmental
effect on neutron transport the focus is also on examining the potential of detecting intermediate scale canopy
interception and biomass from cosmic-ray neutrons. Measurements at an agricultural field site with no
biomass and at a heather field site with a smaller amount of biomass are used to underpin the influence of
certain environmental variables (e.g., biomass, litter layer). To our knowledge this is the first study which
provides a quantitative analysis of the potential of using the cosmic ray technique for estimation of
interception and biomass.”

The conclusion has been reworked:

“Four forest canopy conceptualizations of increasing complexity were used. Without adjusting parameters and
variables, modeled thermal and epithermal neutron intensity profiles compared fairly well with measurements,
yet, some deviations from measurements were observed for each of the four forest canopy conceptualization
models. The more appropriate forest canopy conceptualization was not obvious from the results as the best fit
to thermal neutron measurements was found using complex forest canopy conceptualization, including a tree
trunk and multiple materials, while the better fit to epithermal neutron measurements was found using the
most simple forest canopy conceptualization, including a homogenous layer of foliage material.”...”The
sensitivity of canopy interception, dry bulk density of litter and mineral soil, and soil chemistry on neutron
intensity was found to be small.”

"Neutron intensity was found to be more sensitivity to litter layer, soil moisture and biomass at the forest field
site.”

"The response to altered amounts of biomass on thermal and epithermal neutron intensity is non-unique for
the simple and complex forest conceptualization and further advancement of the forest representation is
therefore necessary.”

[2] Despite | understand the goal of the Authors to strengthen the need of such a study, | found in the
introduction several statements that are misleading (e.g., P2 L19-25). Contrary to what is stated by the
Authors, in my knowledge several important contributions were published to address the (wanted or
unwanted) effect of additional hydrogen pools. Moreover, most of these studies focused on the effect of



biomass e.g., in addition to the references reported in the MS, preliminary evaluation of biomass were
presented in (Rivera Villarreyes et al., 2011); (Franz et al., 2013) presented an approach to isolate any hydrogen
pools but soil moisture and showed the estimation of the crop biomass; (Baatz et al., 2015; Hawdon et al.,
2014) introduced an empirical correction to account for biomass. In comparison to biomass, the effect of snow
on CRNS signal has received much less attentions. Even if the first concepts were already introduced by
(Desilets et al., 2010), a preliminary analysis was just presented by (Rivera Villarreyes et al., 2011) and only
recently a study with longer time series of snow was published (Sigouin and Si, 2016). Other hydrogen pools
were also addressed: e.g., the analysis of the role of little layer was discussed in detail by (Bogena et al., 2013)
and in (Baroni and Oswald, 2015) we presented the first measurements for quantifying also the canopy
interception. Overall | believe that all these experimental studies called for additional attentions on hydrogen
pools than soil moisture. In this context, the present MS is the first modeling study where complex forest is
simulated and the effect of several environmental factors are explored. For these reasons | think the MS could
represent a good answer to those calls and the introduction of the MS should be rephrased accordingly.

AC15: We agree with the reviewer and we have change the wording as well as included a more detailed
description of previous studies examining the effect of other pools of hydrogen than soil moisture on the
neutron signal (Section 1.):

“To date, studies have primarily aimed to advance the cosmic-ray neutron soil moisture estimation method by
determining correction models to remove the effect of other influencing pools of hydrogen.

Rosolem et al. (2013) examined the effect of atmospheric water vapor on the neutron intensity (10-100 eV; 1
eV = 1.6¥10™ J) using neutron transport modeling and determined a scheme to rescale the measured neutron
intensity to reference conditions. For the preparation of cosmic-ray neutron data correction for changes in
atmospheric water vapor is along with corrections for temporal variations in barometric pressure and incoming
cosmic radiation a standard procedure (Zreda et al., 2012).

Most studies have focused on improving the N, calibration parameter used for soil moisture estimation at
forest field sites but also at high-yielding crop field sites like maize. Bogena et al. (2013) demonstrated the
importance of including the litter layer in the calibration for cosmic-ray neutron soil moisture estimation at
field locations with a significant litter layer. The Ny calibration parameter obtained from field measurements
was found to decrease with increasing biomass (Rivera Villarreyes et al., 2013; Hornbuckle et al., 2012; Hawdon
et al., 2014; Baatz et al., 2015). In order to account for this effect Baatz et al. (2015a) defined a correction
model to remove the effect of biomass on the neutron intensity signal. A different approach was presented by
Franz et al. (2013b). Here a universal calibration function was proposed where separate estimates of the
various hydrogen pools are included for cosmic-ray neutron soil moisture estimation.

Few studies have explored the potential of using the cosmic-ray neutron method for additional applications.
Desilets et al. (2010) distinguished snow and rain events using measurements of two neutron energy bands,
and Sigouin and Si (2016) reported an inverse relationship between snow water equivalent and the neutron
intensity measured using the moderated detector. Franz et al. (2013a) demonstrated an approach to isolate
the effect of vegetation on the neutron intensity signal and estimate area average biomass water equivalent in



agreement with independent measurements. Finally, the signals of biomass and canopy interception on
neutron intensity, measured using the moderated detector, have also been investigated by Baroni and Oswald
(2015). They account the higher soil moisture estimated using the cosmic-ray neutron method compared to the
up-scaled soil moisture measured at point-scale to be the impact of canopy interception and biomass. The two
pools of hydrogen were then separated in accordance to their dynamics.”

[3] | found the presentation of the results obtained with the reference model and the forest conceptualizations
not clear (P11L24- P13L7). The Authors first stated about a remarkable agreement of the reference model
(P12L12). Later they compared different forest conceptualizations and they found the best fit not to be unique
(P13L2-4). Similarly they stated that they cannot determine which conceptualization is more realistic (P1617-9).
For this reason they conducted the SA using two conceptualizations. Overall, | believe that the mismatch
should be clearly acknowledged from the beginning. Assuming that two forest conceptualizations are selected,
the results of the SA could be then presented.

AC16: We agree. The first representation of the results obtained from modeling has been deleted as the same
modeling results also are provided in the figure on forest canopy conceptualization. The results are now
presented a little differently, the title “The reference” has been changed to “Gludsted Plantation” and the first
part of section 3.1. has overall been reshaped. See Section 3.1.

[4] The discussion of the results of the SA is not always clear and together with the 17 images | think the
Readers are lost on the major findings of the study. In addition most of the discussion reported is a qualitative
description of the figures. | would suggest searching for a way to sum up the results section (i.e., reducing the
number of figures) where first the results of thermal and epithermal neutrons are discussed providing a
guantitative comparison of the different effect of the environmental conditions explored. Secondly the ratio
between thermal and epithermal is introduced and results are discussed for the factors that showed different
response in thermal and epithermal neutrons.

AC17: We agree with referee #2. The number of figures has been reduced considerable (from 17 figures to 10
figures). The figures have either been changed and grouped together or erased. Additionally, the description of
the measurements and the discussion of the results have been extended.

Changed and erased figures:
Figure 1: The figure have been change and now hold more information.
Figure 3: The results provided in Figure 3 are also provided in Figure 4. Therefore, Figure 3 has been erased.

Figure 7: The figure has been erased, but the modeling results are still provided in Table 5 (now Table 6) and
discussed in the manuscript.

Figures 8, 10, 12 and 13: The figures have been lumped into one figure, and the plots have been changed. Now
the ground and canopy level thermal and epithermal neutron intensity is provided instead of thermal and
epithermal neutron height profiles.



Figures 14 and 15: The figures have been erased because the results were not very promising and the
description of the results was tedious. The manuscript now holds a very short description on the difference
between ground and canopy level thermal and epithermal neutron intensity. Here, references to Figures 6C
(new fig.) and 6D (new fig.), and Table 6 (new table) are included.

New figure: A new figure has been included. The figure sum up the modeling results provided in Figure 16 and
17 and illustrates the relationship between biomass and ground level thermal-to-epithermal neutron ratio
using Model Tree trunk, Foliage, Air and Model Foliage, respectively.

Description of measurements (Section 3.1.): “Overall, time-series and profile measurements provide similar
results in agreement with theory. The thermal neutron intensity decreases considerable with height above
ground surface and is at canopy level reduced by around 50% compared to at the ground level. The epithermal
neutron intensity increases slightly with height and is around 10-15% higher at the canopy level compared to
the ground level. Still, some differences are observed between the neutron height profiles measured in
November 2013 and March 2014. The soil moisture was similar during the time of neutron profile detection
and we expected the differences to be a result of different climate and weather conditions related to the
seasons of detections (spring and fall).”

Discussion of the results:

Litter layer results (Section 3.3., Figure 6A (new fig.)): “The production rate of low-energy neutrons (<1 MeV)

2/3, where A

per incident high-energy neutron is higher for interactions with elements of higher atomic mass (A
is the atomic mass) (Zreda et al., 2012). Heavier elements are in particular found in mineral soil and an increase
in the dry bulk density entails a higher production rate and therefore higher neutron intensity. The
concentration of hydrogen is increased with an increased dry bulk density of litter material resulting in a

greater moderation and absorption of neutrons, and as a consequence lower neutron intensities.”

Biomass results (Section 3.5., Figures 6C and 6D (new figs.)): “The neutron intensity depends on how many
neutrons are produced, down-scattered to lower energies and absorbed. Including biomass to a system
increases the concentration of hydrogen and leads to reduced neutron intensity as the moderation and
absorption is intensified. Despite this, increased thermal neutron intensity is provided with greater amounts of
forest biomass. We hypothesize that forest biomass enhances the rate of moderation more than the rate of
absorption. Thus higher thermal neutron intensity is obtained as the number of thermal neutrons generated by
the moderation of epithermal neutrons exceeds the number of thermal neutrons absorbed. This behavior may
be due to the large volume of air within the forest canopy. The probability of thermal neutrons to interact with
elements within this space is low as the density of air is low.”... “The epithermal neutrons produced in the
ground escape to the air and are moderated by the biomass, resulting in reduced epithermal neutron intensity
with greater amounts of biomass. All models provide in accordance to theory increasing epithermal neutron
intensity with height, yet, the reduced steepness of the neutron height profiles with added biomass is
unexplained. Oppositely to Model Tree trunk, Foliage, Air, the ground level thermal neutron intensity decreases
with added biomass. This may be due to the elemental concentration. Here, no space is occupied by a material
of very low elemental density and may lead to an increased absorption of thermal neutrons.”



[5] It would be interesting to extend the MS with a discussion section where the overall results of the SA are
summarized e.g., the advantages of using sensors at different heights, the advantages of using thermal and
epithermal neutrons, the misfits of model and measurements and indication for further improvements.
Concluding remarks could stress the potential use of CRNS for other applications but it would be interesting to
extend the discussion also on the role of the spatial sensitivity of the sensor i.e., any estimation by CRNS is a
spatial weighted value of the actual target (e.g., biomass).

AC18: Since the manuscript has been shortened considerably (both in terms of text and number of figures) we
have chosen to keep a combined section of results and discussion. The discussion of the results has been
extended (see AC17), and we believe that we have addressed the potential of using the difference between
ground and canopy level neutron intensity and t/e ratio. Furthermore, suggestions on how to improve the
comparability of measurements and modeling are also provided in this section. We hope that the section has
been structured more adequately, and that the outcome of the study is clearer for the reader.

Finally, it is stated that for a good matching between measurements and simulations it was important the
correcting factor (Page 7, L10-23). Since all the probes installed so far around the world does not account for
that, it would be important to know what the implications are e.g., could we aspect the same sensitivity to
environmental conditions when comparing bare and moderated counter instead of thermal and epithermal
neutrons?

AC19: Thermal and epithermal neutrons are both sensitive to hydrogen but are also characterized by very
different physical properties. We expect unique responses to environmental settings, and pure thermal and
epithermal neutron signals are therefore important examining the effect of environmental impact on neutron
transport. This is already stated in the introduction, yet, to emphasize the importance of pure thermal and
epithermal neutron signals an additional line has been added to Section 2.2.2.:

“We expect thermal and epithermal neutrons to have unique responses to environmental properties and
settings. Therefore, it is important to consider pure signals of thermal and epithermal neutrons, and not simply
the raw neutron intensity signal measured by the bare and moderated detectors.”

Specific comments

Page 1, L1-2: the title’s focus on biomass and canopy interception is not entirely representative of the
sensitivity analysis presented in the MS, which is broader. It should be rephrased accordingly.

AC20: The title has been changed:

“Cosmic-ray neutron transport at a forest field site: identifying the signature of biomass and canopy
interception.”

Page 1, L18: in my knowledge the effect of snow has received much less attention than other hydrogen pools.
In addition, the analysis reported in the MS does not focus on biomass and interception but several other



factors are discussed. For this reason | would rephrase the sentence in “. . .soil moisture but several other
hydrogen pools affect the signal”.
AC21: The suggested change has been added to the manuscript.

Page 1, L22-31: in my opinion the presentation of the main results should be extended to honor also the other
analyses provided in the MS (i.e., the role of the other factors).

AC22: More results are included in the abstract (underlined text=newly added text):

“A sensitivity analysis is performed to quantify the effect of soil moisture, complexity of soil matrix chemistry,
forest litter, soil bulk density, canopy interception and forest biomass on thermal and epithermal neutron

intensities at multiple height levels above the ground surface. Overall, modeled thermal and epithermal

neutron intensities are in satisfactory agreement with measurements, yet, the forest canopy conceptualization
is found to be significant for the modeling results. The results show that the effect of canopy interception, soil
chemistry and dry bulk density of litter and mineral soil on neutron intensity is small, while the sensitivity to
litter layer thickness and biomass in addition to soil moisture is found to be significant. The neutron intensity

decreases with added litter layer thickness, especially for epithermal neutron energies. Forest biomass has a

significant influence on the neutron intensity height profiles at the examined field site, altering both the shape
of the profiles and the ground level thermal-to-epithermal neutron ratio.”

Page 2, L12: the terminology used (static, quasi-static and dynamic) is too arbitrary. For a clearer discussion |
would suggest presenting the hydrogen compartments in term of temporal scales (e.g., hours/days, season,
years).

AC23: We choose this terminology because this is used for papers within the same field of research (see Franz
et al., 2013 and Bogena et al., 2013).

Page 2, L15: for consistency | would mention here that the signal of hydrogen pools with low temporal dynamic
(e.g., lattice water, SOC etc) is usually subtracted.

AC24: The work done by Franz et al., (2013) has been included in the introduction. They determined a universal
calibration function for soil moisture estimation. The effect of other pools of hydrogen on the neutron intensity
is included and the practice of subtracting the effect of lattice water and soil organic carbon origins from this
work. We are not dealing with soil moisture estimation and we are for that reason not stating the approach
directly as suggested by the reviewer.

Page 2, L18-25: see general comment #2 and the additional references reported to reshape the paragraph.
AC25: See AC15

Page 2, L26 — Page 3, L18: the sensitivity analysis focuses on several environmental conditions. In the light of
reshaping the MS to honor this, | would say that these paragraphs are not relevant and could be omitted.
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AC26: The focus on the environmental signature on the neutron transport has been amplified, yet, we chose to
hold on to a special focus on canopy interception and biomass because these in particular are interesting as
they form essential hydrological and ecological variables. Thus, we have not omitted the paragraphs.

Page 3, L19 — L34: summary of the aims of the paper and the methods should be rephrased to honor the actual
analysis i.e., sensitivity analysis to environmental conditions to understand the role of different hydrogen
pools.

AC27: The summary of the aims of the paper has been reshaped:

“Previous studies examining the effect of hydrogen on cosmic-ray neutron intensity has for most cases
considered a single neutron energy range (neutron intensity measured using the moderated neutron detector)
at a single height level (typically 1.5 m above the ground). Thermal and epithermal neutrons are both sensitive
to hydrogen, but are characterized by very different physical properties resulting in unique responses to
environmental settings and conditions at the immediate ground-atmosphere interface. For this reason, thermal
and epithermal neutron intensity at multiple height levels above the ground surface are considered in this
study.

The study is conducted at a forest field site using thermal and epithermal neutron measurements from bare
and moderated detectors constrained with correction factor models (Andreasen et al., 2016) and modeling
using the recognized and widely used Monte Carlo N-Particle transport code (MCNP) (Pelowitz, 2013). Neutron
transport modeling of specific sites is limited and has only been performed for non-vegetated field sites (Franz
et al., 2013b; Andreasen et al., 2016). In this context, forest sites are especially complex to conceptualize as the
number of free parameters is relatively high (e.g. biomass, litter, soil chemistry, interception and the structure
of the forest). Here, we first focus on modeling a forest field site. The model is developed from measured soil
and vegetation parameters at the specific locality. The modeled neutron intensity profiles are evaluated against
profile measurements on two different dates separated by five months, and also against time-series of neutron
intensity measurements at two heights. Following, the forests environmental impact on thermal and
epithermal neutron intensities are identified and quantified by applying a sensitivity analysis based on the
model representative of the forest field site. In addition to improving the understanding of the environmental
effect on neutron transport the focus is also on examining the potential of detecting intermediate scale canopy
interception and biomass from cosmic-ray neutrons. Measurements at an agricultural field site with no
biomass and at a heather field site with a smaller amount of biomass are used to underpin the influence of
certain environmental variables (e.g., biomass, litter layer). To our knowledge this is the first study which
provides a quantitative analysis of the potential of using the cosmic ray technique for estimation of
interception and biomass.”

Page 4, L1-2: the sentence is misleading: as reported in general comment #2 several publications were
presented to estimate biomass. In (Baroni and Oswald, 2015) we have also presented the first measurements
of canopy interception. Even in the case the Authors have any concerns about these studies, | think it would be
part of the constructive advanced of the research field to integrate these opinions in the MS.

1"



AC28: The introduction has been reworked and extended. See AC15.
Page 4, L3: this section 2 could be moved and integrated in the section 3.2.4 Field measurements.
AC29: Thank you for the suggestion. We have integrated section 2 in section 3.2.4.

Page 7, L10-23: for a clearer description of the results, the Authors could start the section making the list of the
factors analyzed and referring here also to table 5. In addition the values presented in Table 5 could be plotted
for easier comparison (e.g., bar plot).

AC30: Page 7, L10-23 is the section about pure thermal and epithermal neutron detection. Did you mean Page
111232

We list and descried the factors analyzed in section 2.3.2. —the section just before Section 3 (“Results and
discussion”).

We considered the suggestion on presenting the values of Table 5 (now Table 6) in a different way. However,
neither bar plots or other figure plots improved the presentation of the results. In addition, the table values are
for most cases a supplement to figure presentations of the modeling results. Thus, we chose not to change the
way we presented the values given in Table 5 (now Table 6).

Page 12, L4: I'm surprised: do you really think that the soil moisture profiles could explain such a difference?
But in case it is relevant, why did you not evaluate this in the SA? Overall understanding the role of the
different factors (i.e., environmental conditions) is the goal of the SA and of this paper.

AC31: We would like to test many more properties and settings, yet, this would make the manuscript tedious
and overwhelming. We expect the differences in the neutron intensity profiles measured in November 2013
and March 2014 to be a result of different soil moisture profiles, different climate and weather conditions
related to the seasons of detections (spring and fall) and measurement uncertainty. A sentence describing this
is included in section 3.1.

Page 12, L12: | think the term “remarkable agreement” should be rephrased in the light of the overall
discussion reported about the discrepancies and the inability to define which conceptualization is more realistic
(e.g., P16L8). In addition I noticed that the thermal measurements show a regular decreasing from the ground
to the canopy level. On the contrary the epithermal measurements show an inversion: the measurements
decrease from ground to 5 meters and then start to increase regularly when moving to the canopy level. If I'm
not wrong none of the models conceptualizations and the different environmental settings is able to reproduce
this behavior. For this reason | think it could be an important result to discuss. Unfortunately this behavior is
detected only for the profile measured on Mar-2014 while the measurements conducted on Nov- 2013 does
not have these measurements in the plot: is this a mistake in plotting or really do you not have these
measurements?
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AC32: The decreasing epithermal neutron intensity from ground level to 5 m above the ground surface
followed by increasing neutron intensities is expected to be a result of measurement uncertainties. In the
beginning of Section 3.1 we describe how we rely more on time-series measurements and we discuss why the
two neutron height profiles (November, 2013 and March, 2014) are different despite of similar soil moisture.
We have added a few lines (Section 3.1.) on the overall behavior of the measured time-series and profiles of
thermal and epithermal neutrons:

“Overall, time-series and profile measurements provide similar results in agreement with theory. The thermal
neutron intensity decreases considerable with height above ground surface and is at canopy level reduced by
around 50% compared to at the ground level. The epithermal neutron intensity increases slightly with height

Ill

and is around 10-15% higher at the canopy level compared to the ground leve

Page 12, L26: if it is a SA the results should be discussed in term of sensitive or not sensitive. The term
“satisfactorily” suggests that here you are still looking for a forest conceptualization that fits the profile
measurements. See also general comment #3.

AC33: “modeled satisfactorily” has been changed to “in agreement with measurements”.

Page 13, L8-19: this paragraph could be titled as a new section e.g., effect of soil moisture. Possibly, the
analysis could be extended to explore the effect of soil moisture profiles (see also comment Page 12, L4).

AC34: Thank you for the suggestion. Section “Soil moisture” has been added.

Page 14, L25 - Page 15, L8: the presentation of the results jumps from the description of the thermal neutrons
to the ratio i.e., epithermal neutrons are not described. For a clearer presentation | would suggest first to
discuss both thermal and epithermal neutrons. Secondly, to introduce the use of the ratio explaining the
reasons for doing that e.g., what do you expect to see with the use of the ratio instead of the single signal?

AC35: We have extended the description in Section “Canopy interception” a little (underlined text=newly
added text):

“Except for a slight increase in ground level thermal neutron intensities with wetting of the forest canopy, no
effect of canopy interception on ground and canopy level thermal and epithermal neutron intensity is
observed.”

Page 18, L21 - Page 19, L5: the discussion about the results obtained with the field locations of Voulund and
Harrild is very limited and it refers to analysis presented in the submitted (and not available) paper of Anderson
et al. (2016). Moreover | think that at the current status, these results do not provide any new insights on the
present study. Either the Authors integrate better the description, the analyses and the results obtained in
these locations, or in my opinion the results obtained based on these two sites could be completely omitted in
this MS.
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AC36: Andreasen et al. (2016) has since the submission of this paper to HESS been accepted (the reference is
given in AC1). In our opinion the measurements of Voulund Farmland and Harrild Heathland is valuable for the
manuscript. They confirm that litter and biomass increases the ground-level thermal-to-epithermal neutron
ratio, and that the modeled values agree with measurements.

Page 18, L19: as discussed also in previous comments. | think the term “remarkable agreement” is misleading.
On the contrary | think the misfits are interesting results to highlights providing the base for further studies.

AC37 (Page 19, L19): We have reworked the conclusion and changed the wording (“remarkable agreement” is
out). See AC14.

Page 18, L22: before starting speaking about canopy interception, | would introduce also a summary of the role
of the other hydrogen pools explored. This would better honor the SA reported in the MS.

AC38: We have added the results of the sensitivity analysis to the conclusion. See AC14.
Technical corrections

Page 4, L11: eV

AC39: The typo has been corrected (Section “Terminology”).

Page 13, L26: the definition (4th order, 3rd order) of the chemical complexity are not self-explained. | would
suggest instead the use in the table of other definitions e.g., (SOM+Gd+Root+??+Si02) for the more complex
and so on.

AC40: We choose to keep the current terminology (4™ order, 3" order...), however, we have both edited the
wording in Section 3.3. and the table caption.

Section 3.3.: “Soil organic matter, below-ground biomass, Gd and the chemical composition from XRF
measurements are excluded one at the time (from third to first order complexity) and the final model includes
a simple silica soil (SiO,). The exact sensitivity of excluding the different components on ground and canopy
level thermal and epithermal neutron intensity is quantified in Table 6 (see values in parentheses). Only the
removal of soil organic matter (third order complexity) changes the neutron intensity significantly at Gludsted
Plantation ...”

Table 6 caption: “... Values provided in parentheses specifies the direct effect of one-by-one excluding soil
organic matter (third order complexity), Gd (second order complexity), below ground biomass (first order
complexity) and site specific major elements soil chemistry (Si0,).”

Page 13, L28: what is cts? To be defined.
ACA1: Ctsis counts. This has been specified in text (Section 3.3.).

Page 15, L4: conditions instead of locations.
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AC42: The suggested change has been added to the manuscript.

Figure 1: the domain represented in the figure is too extended and not well informative. | would suggest using
this as a general overview but adding also a panel where the positions of the experimental sites are visualized
with higher resolutions.

AC43: Figure 1 has been change, and now includes more information.
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Referee #3:

General Comments:

In this paper the authors use a model to investigate how different model conceptualizations and different
model parameters influence both thermal and epithermal neutron intensities from the ground surface up to a
height of 35 m. They want to find out whether it is possible to use combined measurements of thermal and
epithermal neutrons at ground level to determine both aboveground vegetation biomass (quasi-statically) and
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canopy interception (dynamically). In order to do that they need to assess whether there are factors other than
aboveground biomass and interception that alter the ratio of thermal to epithermal neutron intensity. | like the
approach. It is novel to measure neutron intensities at different heights in a forest and it is novel to try to use
the ratio of thermal to epithermal neutrons for biomass determination. Therefore the topic is interesting and
the paper is well-suited for publication in HESS.

Still, there is room for improvement. In the end as a reader | felt a little lost on what are the actual outcomes
from the study. It seems as if equifinality is a very big problem. Many of the investigated model setups and

parameters seem to influence the detected neutron intensity profiles and therefore it is unclear which setup
represents reality best. Unfortunately, the discussion section often lacks more detailed interpretations of the
comparison of model results and measurements. Therefore the full potential of the study is not yet explored.

So my main point is that a refocus of the discussion section (away from just describing towards interpreting)
would definitely improve the manuscript and the value for the reader.

AC44: Thank you for your comments and suggestions. We agree that the manuscript is a bit tedious and that
the discussion of the results could be improved. We have revised the manuscript in order to ease the
readability and clarify the focus.

Specific Comments:

p. 1, |. 1: Title: Since canopy interception only plays a minor role in the paper, | would suggest removing it from
the title. You are investigating so many more things, like forest canopy representation, complexity of soil matrix
chemistry, litter, soil bulk density. A more obvious choice for the title might be going along the line of forest
canopy representation (since this part appears most prominently and novel when reading the manuscript).
Also, posing a question in the title is not ideal, especially when you answer one part of it with no and the other
part with yes.

ACA45: We have changed the title to:

“Cosmic-ray neutron transport at a forest field site: identifying the signature of biomass and canopy
interception.”

p. 1, l. 31: It would be good to insert an explicit concluding statement into the abstract that answers the
question you were posing in the title. (‘Therefore we conclude that while there is potential to infer biomass
from cosmic... canopy interception cannot be inferred.’)

AC46: The title has been changed and is no more containing a question. Still, concluding statement on the
potential of quantifying canopy interception and biomass using cosmic ray neutron detection is relevant and a
few lines has therefore been added to the abstract (underlined text=newly added text) (see also AC22):

“A sensitivity analysis is performed to quantify the effect of soil moisture, complexity of soil matrix chemistry,
forest litter, soil bulk density, canopy interception and forest biomass on thermal and epithermal neutron
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intensities at multiple height levels above the ground surface. Overall, modeled thermal and epithermal

neutron intensities are in satisfactory agreement with measurements, yet, the forest canopy conceptualization

is found to be significant for the modeling results. The results show that the effect of canopy interception, soil

chemistry and dry bulk density of litter and mineral soil on neutron intensity is small, while the sensitivity to

litter layer thickness and biomass in addition to soil moisture is found to be significant. The neutron intensity

decreases with added litter layer thickness, especially for epithermal neutron energies. Forest biomass has a
significant influence on the neutron intensity height profiles at the examined field site, altering both the shape

of the profiles and the ground level thermal-to-epithermal neutron ratio.”
p. 2, 1. 2: “..relativelY high concentration CLOSE TO THE LAND SURFACE,...’

AC47: The suggested change has been added to the manuscript.

p. 2, 1. 2-10: | would reorder this paragraph. Start with the role of soil moisture and the difficulties of its
detection. Then introduce cosmic-ray neutrons and the detector before mentioning its footprint in line 7.

AC48: We have reordered the section following the suggestions of Referee #3 (see Section 1.).
p. 2, l. 13: In Table 1 you use the word ‘transient’, here you say ‘dynamically’.
AC49: We have change the word “transient” to the word “dynamic” in Table 1.

p. 2, |. 13-14: Try to categorize this list. ‘Hydrogen is stored statically in water in soil minerals and
buildings/roads, quasi-statically in...”

AC50: The suggested change has been added to the manuscript.
p. 2, l. 31: 'HOWEVER, the spatial scale of measurement...’
AC51: The suggested change has been added to the manuscript.
p. 3, 1. 27: ‘...we PERFORM a sensitivity analysis...".

AC52: The paragraph has been changed:

“The study is conducted at a forest field site using thermal and epithermal neutron measurements from bare
and moderated detectors constrained with correction factor models (Andreasen et al., 2016) and modeling
using the recognized and widely used Monte Carlo N-Particle transport code (MCNP) (Pelowitz, 2013). Neutron
transport modeling of specific sites is limited and has only been performed for non-vegetated field sites (Franz
et al., 2013b; Andreasen et al., 2016). In this context, forest sites are especially complex to conceptualize as the
number of free parameters is relatively high (e.g. biomass, litter, soil chemistry, interception and the structure
of the forest). Here, we first focus on modeling a forest field site. The model is developed from measured soil
and vegetation parameters at the specific locality. The modeled neutron intensity profiles are evaluated against
profile measurements on two different dates separated by five months, and also against time-series of neutron
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intensity measurements at two heights. Following, the forests environmental impact on thermal and
epithermal neutron intensities are identified and quantified by applying a sensitivity analysis based on the
model representative of the forest field site. In addition to improving the understanding of the environmental
effect on neutron transport the focus is also on examining the potential of detecting intermediate scale canopy
interception and biomass from cosmic-ray neutrons. Measurements at an agricultural field site with no
biomass and at a heather field site with a smaller amount of biomass are used to underpin the influence of
certain environmental variables (e.g., biomass, litter layer). To our knowledge this is the first study which
provides a quantitative analysis of the potential of using the cosmic ray technique for estimation of
interception and biomass.”

p. 3, |. 28: Only to look at their effect on MODELED thermal and epithermal neutron intensity? Or also to make
statements about their effect on ACTUAL thermal and epithermal neutron intensity?

AC53: The paragraph has been changed. See AC52.
p. 4, |. 16: Could you shortly introduce what this ‘root-to-shoot ratio’ is?
AC54: We have included an explanation to the sentence (the added text is underlined):

“The dry below-ground biomass was calculated to be 25 t/ha using a root-to-shoot ratio (the weight of the
roots to the weight of the aerial part of the plant) for Norway spruce of 0.25 (Levy et al., 2004).”

p. 4, |. 16: Information? Be more specific.

AC55: Some examples of the sort of information provided by The Danish Nature Agency have been included in
the sentence (the added text is underlined):

“Information on the vegetation at the forest field site (e.g. tree species, ages, heights and trunk diameters) is

acquired from a register managed by The Danish Nature Agency (representative of the 2012 conditions); see
Table 2.“

p. 5, . 2: Why random soil samples? A composite sample representing mean soil properties would have been
much more representative of the soils within the footprint of the sensor given small-scale variability.

AC56: The field sites are located on an outwash plain from the last glaciation composed of sandy soil. We agree
that a composite soil sample representing the mean conditions would have been more appropriate, however,
the soil is very homogeneous and we are quite confident that two random soil samples are sufficient. The
homogeneity of the soil is evident comparing the results of the XRF analysis on two random soil samples
collected in 20-25 cm depth at Harrild Heathland and Gludsted Plantation. The two field sites are separated by
approximately 10 km and have very similar soil chemistry (see below). The soil chemistry of Voulund Farmland
is not included as it due to farming practices contains a wider range of elements.

Gldusted Plantation [%)] Harrild Heathland [%]
0 52.78 52.76
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Si 44.86 44.71
Al 1.54 1.74
K 0.53 0.56
Ti 0.29 0.23

p. 5, . 24: What do you mean by: ‘...is observed VISUALLY..."?
AC57: The line has been reworked (Section 2.2.4.):

“The organic rich litter layer is found to be around 10 cm thick during soil sampling field campaigns at the field
site.”

p. 5, |. 26: Do you mean that the hardpan-layer hinders percolation to deeper depths?
AC58: Yes. The sentence has been reworked (Section 2.2.4.):

“Due to podsolization a low permeable hardpan-layer hindering percolation to deeper depths is present at
around 25-30 cm depth.”

p. 6, |. 12: represent might not be the right word here. Maybe ‘detect’ or ‘be sensitive to’?
AC59: “Represent” has been replaced with “is sensitive to” (Section 2.1.).

p. 6, . 13: What do you want to express when you write: ‘Despite this fact...’?

AC60: The sentence has been reworked:

“Here, the term epithermal neutrons will be used for both measured neutrons of energies above 0.5 eV and
modeled neutrons of energies 10 — 1000 eV.”

p. 7, 1. 5: The term ‘epithermal’ includes ‘fast’, no? So you don’t need to say ‘...fast and epithermal...”.
AC61: That is true. “Fast” has been erased.
p. 7, l. 7: Why do you believe in this minor effect on your results?

AC62: Yes this should be addressed, and was addressed by Andreasen et al. (2016). Therefore, the reference
has been added at the end of the sentence.

Andreasen et al. (2016): “Preliminary modeling results by the authors and R. Rosolem (personal
communication, 2015) suggest that water vapor only has a minor effect on the thermal neutron intensity
measured near the land surface. This is in agreement with earlier studies of Bethe et al. [1940] and Lockwood
and Yingst [1956]. However, water vapor corrections might be required for thermal neutron intensities
collected high above the ground surface, and future work should address this issue.”
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p. 7, l. 19-20: What are these correction factor models, when exactly where they applied and how did the
output of these models look compared to the cadmium-difference model?

AC63: The neutron energy correction models are described in Andreasen et al. (2016) (see AC1) and in Section
2.2.2. Additionally, a few sentences have been added to Section 2.2.4 specifying when the neutron energy
correction models where applied:

”In order to obtain comparability between measurements and modeling pure thermal and epithermal neutron
signals were estimated using neutron energy correction models on measurements from bare and moderated
detectors, respectively. The neutron energy correction models were both used on time-series and neutron
height profile measurements.”

“In order to obtain pure thermal and epithermal neutron height profiles the neutron energy correction models
were applied.”

p. 7, . 32-34: The fact that the environmental conditions at the field sites are fairly homogeneous is no
explanation for your assumption that the neutron intensities measured by the two different detectors can be
compared. Please elaborate.

AC64: The paragraph has been reworked:

“The potential mismatch in the footprint of the bare and the moderated detectors is a concern when
combining the neutron intensity measurements. Nevertheless, the environmental conditions at the field sites
are fairly homogeneous and although the footprint might be different as a first approximation we assume the
neutron intensity measured using the bare and the moderated detector are comparable.”

p. 9, l. 5-32: What about the sub-canopy structure of real forests? With a lot of the leaves and branch biomass
a couple of meters above the ground and only the trunks with a lot of air in between near the ground surface.
Would you expect the same outcome? How could this impact your results? It would be good to discuss this
somewhere.

AC65: We have not modeled a forest with vertical variation in material and density, yet, it would be interesting
to examine in the future. Here, the neutron transport was found to be sensitive to the conceptualization of the
forest and we therefore expect that further advancement will have an effect too. However, we have a hard
time predicting the effect on neutron transport specifying the sub-canopy structure of the forest. We have
included a few suggestions in Section 3.1 on how to advance the forest conceptualization (see also AC5):

“Improved comparability to measurements may be obtained by advancing the forest canopy conceptualization.
Currently, one tree is defined and repeated throughout the model domain. The trees are placed in even rows
and the same settings are applied from the ground surface to 25 m height. In order to advance the forest
canopy conceptualization, trees of different heights and diameters could be included, and the placement of the
trees could be more according to the actual placement of trees at the forest field site. Additionally, variability
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in tree trunk diameter, foliage density and volume with height above the ground surface could be
implemented.”

p. 10, I. 20-21: Rephrase. Maybe something like: ‘The thermal and epithermal neutron intensity is both a
product of hydrogen abundance as well as elemental composition...".

AC66: The suggested change has been added to the manuscript.

p. 12, I. 30: From here on | will ask the question ‘Why?’ whenever | would like to see a more detailed discussion
of one of your results/observations. Throughout the discussion section there are instances where you observe
and describe your results without giving a proper (attempt of) interpretation. For example here you state that
‘...the neutron intensity profiles of the simpler forest canopy conceptualization... is less steep and is the only
model providing an epithermal neutron intensity profile within the daily ranges of the time-series
measurements...”. Still there is no explanation on why this could be the case.

AC67: This is a very valid point, and we have sought to explain the effect of alterations in the environmental
settings on thermal and epithermal neutron intensity. We do not always have an answer, but have in those
cases provided some suggestions/thoughts on the measurements and modeling results.

p. 13, 1. 19: Why?

AC68: Unfortunately, we have no explanation to why this is. The different results of the two model-setups
could from measurements potentially have clarified which of the two model-setup are more appropriate,
however, this was unfortunately not the case as both models provide neutron intensities in fairly good
agreement with measurements. We have including this consideration in Section 3.2.:

“Neutron intensity at dry and wet soil conditions is represented by the range of time-series neutron intensity
measurements. Overall, the modeled neutron intensities are within the measurement range and the more
appropriate model-setup for Gludsted Plantation is not obvious from the modeling results.”

p.14,1.17: Why?
AC69: An explanation has been added to Section 3.3.:

“The production rate of low-energy neutrons (<1 MeV) per incident high-energy neutron is higher for
interactions with elements of higher atomic mass (AZB, where A is the atomic mass) (Zreda et al., 2012).
Heavier elements are in particular found in mineral soil and an increase in the dry bulk density entails a higher
production rate and therefore higher neutron intensity. The concentration of hydrogen is increased with an
increased dry bulk density of litter material resulting in a greater moderation and absorption of neutrons, and
as a consequence lower neutron intensities.”

p. 14, 1. 19: How can the mineral soil act as a producer of epithermal neutrons? Thermal neutrons would have
to be accelerated to become epithermal. How does this happen?
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AC70: An explanation has been added to Section 3.3. See AC69.
p. 15, 1. 7: Move “...from the calculation in the previous section...’ to the beginning or the end of the sentence.

AC71: The sentences have been rephrased (Section 3.4.):

“We choose not to include measurements in the figure because the measurement uncertainty at a relevant
integration time is greater than the signal of canopy interception.”

p. 15, 1. 31-32: Why?

AC72: We have added a few sentences to explain the response of thermal and epithermal neutrons to
increasing amounts of biomass using Model Tree trunk, Foliage, Air:

“The neutron intensity depends on how many neutrons are produced, down-scattered to lower energies and
absorbed. Including biomass to a system increases the concentration of hydrogen and leads to reduced
neutron intensity as the moderation and absorption is intensified. Despite this, increased thermal neutron
intensity is provided with greater amounts of forest biomass. We hypothesize that forest biomass enhances the
rate of moderation more than the rate of absorption. Thus higher thermal neutron intensity is obtained as the
number of thermal neutrons generated by the moderation of epithermal neutrons exceeds the number of
thermal neutrons absorbed. This behavior may be due to the large volume of air within the forest canopy. The
probability of thermal neutrons to interact with elements within this space is low as the density of air is low.”

p. 16, |. 5-6: Why?

AC73: We have added a few sentences to explain the response of thermal and epithermal neutrons to
increasing amounts of biomass using Model Foliage:

“The epithermal neutrons produced in the ground escape to the air and are moderated by the biomass,
resulting in reduced epithermal neutron intensity with greater amounts of biomass. All models provide in
accordance to theory increasing epithermal neutron intensity with height, yet, the reduced steepness of the
neutron height profiles with added biomass is unexplained. Oppositely to Model Tree trunk, Foliage, Air, the
ground level thermal neutron intensity decreases with added biomass. This may be due to the elemental
concentration. Here, no space is occupied by a material of very low elemental density and may lead to an
increased absorption of thermal neutrons.”

p. 16, I. 26-27: Why?

AC74: In order to focus the paper and improve the readability the section on the difference between ground
and canopy level neutron intensity has been reduced considerably, and the sentence on p. 16, |. 26-27 has
been erased.
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p. 17, 1. 7-17: So would you say that this model representation is better than the more complex one? It
certainly fits better to your observed data. What does it mean that the average conditions (without separate
trunk, foliage, air) perform better? It should be the other way around, no?

AC75: The ground level thermal-to-epithermal neutron ratio was found to be more appropriate and convenient
in terms of biomass determination. Thus, in order to focus the paper and improve the readability the attention
of the difference between ground and canopy level thermal and epithermal neutron intensity, respectively, has
been reduce markedly. The conditions mentioned by Referee #3 are not included in the manuscript anymore.

p. 17, 1. 22: Do you maybe mean ‘...prevailING at the field site.’
AC76: The line has been erased (see AC6).

p.17,1.31-32: Why?

AC77: Aline has been added to the sentence (see underlined part):

“Drying or wetting of soil change the thermal and epithermal neutron intensity proportionally and the ratios

are accordingly found to be independent of changes in the ground level thermal neutron intensity, the ground
level epithermal neutron intensity and volumetric soil moisture.”

p. 18, I. 7-12: Is that an indication that this more complex model is a more realistic representation of the forest
environment? How is this observation compatible with the previous observation that shows the better fit of
the less complex model when comparing the differences between ground and canopy level thermal and
epithermal neutron intensity?

AC78: The results on the difference between ground and canopy level neutron intensity were ambiguous and
most discussion and figures on this has been removed to ease the readability and hopefully making the
manuscript less comprehensive. Overall, the Model Tree trunk, Foliage, Air seems to perform better. The two-
year-average of ground level t/e ratio fits the biomass of 100 t/ha estimated for Gludsted Plantation using lidar,
and the range of measurements is overall in agreement with the standard deviation of the estimated biomass.
Still, more work needs to be done as neither the Model Tree trunk, Foliage, Air and Model Foliage are fully in
agreement with measurements. In order to do this, we have to look at the three points stated a little later in
the same paragraph. We have not added any to answer the question asked by referee #3 in the manuscript as
most of the section on the difference between ground and canopy level neutron intensity has been removed.

p. 18, I. 13-20: How would each of these 3 factors influence the modeled ratios?

AC79: Of these three factors only shortcomings in the model setup would affect the modeled ratios. This has
been specified in the text:

“A model including a sufficient representation of the field site will provide neutron height profiles and t/e
ratios more representative of the real conditions...”
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p. 19, . 3: Should the amount of biomass not be slightly larger for the Heathland site compared to the non-
vegetated Gludsted plantation?

AC80: Yes. We have rephrased the paragraph:

“Both field sites have a considerable layer of litter, and the slightly higher t/e ratio relative to the non-
vegetated Gludsted Plantation may be due to biomass in the form of grasses, heather plants and bushes
present at Harrild Heathland.”

p. 19, I. 6: It would be helpful to introduce an abbreviation for the term ‘thermal-to-epithermal ratio’
somewhere at the beginning (Rt/e) and use it throughout the manuscript.

AC81: Good idea. We have included the abbreviation “t/e” in the manuscript.
Figures & Tables:

Figure 1: Provide a map that zooms in onto your study area with a little more detail and move the current
overview map of Denmark into one of the corners of the new map.

AC82: Figure 1 has been changed.

Figure 3-10, 12-13: Remove the line in the legend in front of ‘Canopy surface model’. | was looking for it but it is
not in the actual figure, is it? Maybe just call it ‘Modeled’ in comparison to ‘Measured’.

AC83: The line in front of ‘Canopy surface’ was supposed to be dashed, and explains the horizontal dashed
lined at 25 m height above the ground surface in the figures. | have edited the three figures providing results
on neutron height profiles. Now the lines in the legend of the figures are all dashed.

Technical Corrections:

p. 1, l. 25: ‘minor’ is no adverb. Maybe use ‘insignificantly’.
AC84: The suggested change has been added to the manuscript.
p.1, 1. 27: siteS

AC85: The suggested change has been added to the manuscript.
p. 4, 1. 5: “...within THE Skjern River...".

AC86: The suggested change has been added to the manuscript.
References:

A couple of references are listed but not referenced in the text:
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Bogena et al. 2013

AC87: The reference is now included in the text (Section “Introduction”).
Heidblichel et al. 2016

AC88: The reference has been erased from the reference list.

Rivera Villareyes et al. 2013

AC89: The reference is now included in the text (Section “Introduction”).
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Abstract
Cosmic-ray neutron intensity is inversely correlated to all hydrogen present in the upper decimeters of the subsurface and

the first few hectometers of the atmosphere above the ground surface. This method has been used for measuring soil
moisture but several other hydrogen pools affect the signal. We use a neutron transport model with various representations
of the forest and different parameters describing the subsurface to match measured height profiles and time series of thermal
and epithermal neutron intensities at a field site in Denmark. A sensitivity analysis is performed to quantify the effect of soil
moisture, complexity of soil matrix chemistry, forest litter, soil bulk density, canopy interception and forest biomass on
thermal and epithermal neutron intensities at multiple height levels above the ground surface. Overall, modeled thermal and
epithermal neutron intensities are in satisfactory agreement with measurements, yet, the forest canopy conceptualization is
found to be significant for the modeling results. The results show that the effect of canopy interception, soil chemistry and
dry bulk density of litter and mineral soil on neutron intensity is small, while the sensitivity to litter layer thickness and
biomass in addition to soil moisture is found to be significant. The neutron intensity decreases with added litter layer
thickness, especially for epithermal neutron energies. Forest biomass has a significant influence on the neutron intensity
height profiles at the examined field site, altering both the shape of the profiles and the ground level thermal-to-epithermal
neutron ratio. The ratio increases significantly with increasing amounts of biomass and insignificantly with canopy
interception. Satisfactory agreement is found between measurements and model estimates of biomass results at the forest
site as well as two nearby sites representing agricultural and heathland ecosystems. The measured ground level thermal-to-
epithermal neutron ratios of the three sites range from around 0.56 to 0.82. A significantly smaller effect of canopy
interception on the ground level thermal-to-epithermal neutron ratio was modeled to range from 0.80 to 0.84 for a forest

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

1. Introduction
Soil moisture plays an important role in water and energy exchanges at the ground-atmosphere interface, but is difficult and
expensive to measure at the intermediate scale (hectometers). The cosmic-ray method has been developed to circumvent the
shortcomings of existing measurement procedures for soil moisture detection at the multi hectare scale (e.g. Zreda et al.
(2008) and Franz et al. (2012)). The cosmic-ray neutron intensity (eV range) at the ground surface is a product of the
elemental composition and density of the immediate air and soil matrix. Hydrogen is, because of its physical properties and
often relatively high concentration close to the land surface, a significant element controlling neutron transport. As a result,

neutron intensity is inversely correlated with the hydrogen content of the surrounding hectometers of air and top decimeters
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of the ground (Zreda et al., 2008). Neutron intensity measurements were found to be suitable for the detection of sail

moisture since it often forms the major dynamic pool of hydrogen within the footprint of the detector.

Cosmic-ray neutron intensity detection also hasr@kfor estimating other pools of hydrogen present within the footprint
of the neutron detector (Zreda et al., 2008; Desilets et al., 2010). Hydrogen is stored statically in water in soil minerals and
buildings/roads, quasi-statically in above and below ground biomass, soil organic matter, snow and lakes/streams, or

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

To date, studies have primarily aimed to advance the cosmic-ray neutron soil moisture estimation method by determining

correction models to remove the effect of other influencing pools of hydrogen.

Rosolem et al. (2013) examined the effect of atmospheric water vapor on the neutron intensity (10-100 eV; 1 e¥= 1.6*10

J) using neutron transport modeling and determined a scheme to rescale the measured neutron intensity to reference
conditions. For the preparation of cosmic-ray neutron data correction for changes in atmospheric water vapor is along with
corrections for temporal variations in barometric pressure and incoming cosmic radiation a standard procedure (Zreda et al.,
2012).

Most studies have focused on improving thechlibration parameter used for soil moisture estimation at forest field sites

but also at high-yielding crop field sites like maize. Bogena et al. (2013) demonstrated the importance of including the litter
layer in the calibration for cosmic-ray neutron soil moisture estimation at field locations with a significant litter layer. The
N, calibration parameter obtained from field measurements was found to decrease with increasing biomass (Rivera
Villarreyes et al., 2013; Hornbuckle et al., 2012; Hawdon et al., 2014; Baatz et al., 2015). In order to account for this effect
Baatz et al. (2015a) defined a correction model to remove the effect of biomass on the neutron intensity signal. A different
approach was presented by Franz et al. (2013b). Here a universal calibration function was proposed where separate

estimates of the various hydrogen pools are included for cosmic-ray neutron soil moisture estimation.

Few studies have explored the potential of using the cosmic-ray neutron method for additional applications. Desilets et al.
(2010) distinguished snow and rain events using measurements of two neutron energy bands, and Sigouin and Si (2016)
reported an inverse relationship between snow water equivalent and the neutron intensity measured using the moderated
detector. Franz et al. (2013a) demonstrated an approach to isolate the effect of vegetation on the neutron intensity signal and
estimate area average biomass water equivalent in agreement with independent measurements. Finally, the signals of
biomass and canopy interception on neutron intensity, measured using the moderated detector, have also been investigated
by Baroni and Oswald (2015). They account the higher soil moisture estimated using the cosmic-ray neutron method
compared to the up-scaled soil moisture measured at point-scale to be the impact of canopy interception and biomass. The

two pools of hydrogen were then separated in accordance to their dynamics.
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The ability to separate the signals of the different hydrogen pools on the neutron intensity is valuable both for the
advancement of the cosmic-ray neutron soil moisture estimation method and for the potential of additional applications. The
potential of determining canopy interception and biomass from the cosmic-ray neutron intensity is valuable as they form
essential hydrological and ecological variables. Both are difficult and expensive to measure continuously at larger scales.
Although the effect of biomass and biomass growth on cosmic-ray neutron intensity can be accounted for using independent
methods, there is currently no established method for independently constraining biomass based on cosmic-ray neutron data

alone.

Canopy interception is for some climatic and environmental settings an important variable to include in water balance
studies, as well as in hydrological and climatological modeling. For the forest site studied here the canopy interception loss
was found to be 31-34% of the gross precipitation, making it a vital variable to consider (Ringgaard et al., 2014). A

common method to estimate canopy interception is by subtracting the precipitation measured at ground level below canopy
(throughfall) from precipitation measured above the forest canopy (gross precipitation) using standard precipitation gauges.
However, the spatial scale of measurement is small and is not representative of larger areas as the canopy interception is
highly heterogeneous. In order to obtain a representative measure of canopy interception multiple throughfall stations must
be installed. This is labor intensive and measurement uncertainties are significant. Precipitation underestimation due to wind
turbulence, wetting loss, and forest debris plugging the measurement gauge at the forest floor are sources of significant

uncertainty (Dunkerley, 2000).

The forest biomass represents an important resource for timber industry and renewable energy. Furthermore, forest modifies
the weather through the mechanisms and feedbacks related to evapotranspiration, surface albedo and roughness. Overall, th
forest ecosystems have a cooling impact on global climate as significant amounts of carbon are accumulated through
photosynthesis. Carbon sequestration by afforestation and an effective forest management is a widely used method to
decrease the concentration of carbon dioxide in the atmosphere and thereby attenuate the greenhouse effect (Lal, 2008). The
carbon sequestration in vegetation can be quantified by monitoring the growth of biomass over time. The most conventional
and accurate method to estimate forest biomass is the use of allometric models describing the relationship between the
biomass of a specific tree species and easily measurable tree parameters, such as tree height and tree diameter at breast
height (Jenkins et al., 2003). However, this approach is time consuming and labor intensive because numerous trees have to
be surveyed to obtain accurate and representative results (Popescu, 2007). Remote sensing technology offers alternative
methods to estimate biomass as high correlations are found between spectral bands and vegetation parameters. 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 and digitizes the first and last return of near-infrared laser recordings. The

canopy height at a decimeter grid-size scale can be obtained and the biomass can be estimated from regression models.
Instruments and aircraft-surveys are expensive, and measurements of tree growth will often be at a coarse temporal

resolution.
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Previous studies examining the effect of hydrogen on cosmic-ray neutron intensity has for most cases considered a single
neutron energy range (neutron intensity measured using the moderated neutron detector) at a single height level (typically
1.5 m above the ground). Thermal and epithermal neutrons are both sensitive to hydrogen, but are characterized by very
different physical properties resulting in unique responses to environmental settings and conditions at the immediate
ground-atmosphere interface. For this reason, thermal and epithermal neutron intensity at multiple height levels above the

ground surface are considered in this study.

The study is conducted at a forest field site using thermal and epithermal neutron measurements from bare and moderated
detectors constrained with correction factor models (Andreasen et al., 2016) and modeling using the recognized and widely
used Monte Carlo N-Patrticle transport code (MCNP) (Pelowitz, 2013). Neutron transport modeling of specific sites is
limited and has only been performed for non-vegetated field sites (Franz et al., 2013b; Andreasen et al., 2016). In this
context, forest sites are especially complex to conceptualize as the number of free parameters is relatively high (e.g.
biomass, litter, soil chemistry, interception and the structure of the forest). Here, we first focus on modeling a forest field
site. The model is developed from measured soil and vegetation parameters at the specific locality. The modeled neutron
intensity profiles are evaluated against profile measurements on two different dates separated by five months, and also
against time-series of neutron intensity measurements at two heights. Following, the forests environmental impact on
thermal and epithermal neutron intensities are identified and quantified by applying a sensitivity analysis based on the
model representative of the forest field site. In addition to improving the understanding of the environmental effect on
neutron transport the focus is also on examining the potential of detecting intermediate scale canopy interception and
biomass from cosmic-ray neutrons. Measurements at an agricultural field site with no biomass and at a heather field site
with a smaller amount of biomass are used to underpin the influence of certain environmental variables (e.g., biomass, litter
layer). To our knowledge this is the first study which provides a quantitative analysis of the potential of using the cosmic

ray technique for estimation of interception and biomass.

2. Method

2.1 Terminology
The energy of a neutron determines the probability of the neutron interacting with other elements and the type of interaction
(i.e. absorbing or scattering). Overall, an important threshold for the behavior of low energy neutrons is present at energies
somewhere below 0.5 eV. The specific energy ranges of thermal, epithermal and fast neutrons are ambiguous. The

following terminology for neutron energies is used for the 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 hydrological applications it is common to consider fast energy ranges (10 — 100 eV or
10 — 1000 eV) (Desilets et al., 2010; 2013; Rosolem et al., 2013; Franz et al., 2013b; K&hli et al., 2015), while
measurements using standard soil moisture neutron detectors is sensitive to the entire epithermal energy range (Andreasen
et al., 2016). Here, the term epithermal neutrons will be used for both measured neutrons of energies above 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 using the CR1000/B system from Hydroinnova LLC, Albuquerque, New
Mexico. The system has two detectors that consist of tubes filled with boron-10 (enriched to 96%) triftRffigle (
proportional gas. The neutron detection relies ort%,a)’Li reaction for converting thermal neutrons into charged
particles &) and then into an electronic signal. One detector is unshielded (bare detector), while the other is shielded by 25
mm of high-density polyethylene (moderated detector). These different configurations give the bare and moderated tubes

different energy sensitivities.

The thermal neutron absorption cross-sectioli®is very high (3835 barns) (Sears et al., 1992). This absorption cross-
section decreases rapidly with increasing neutron energy following® It (where Eis neutron energy) (Knoll 2010).
Therefore, the energies measured by the bare tube comprise a continuous distribution which is heavily weighted toward
thermal neutrons (<0.5 eV), with a small proportion of epithermal neutrons also being detected (<10%) (Andreasen et al.,
2016).

The moderated detector is more sensitive to higher neutron energies (> 0.5 eV). The purpose of the polyethylene is to slow
(moderate) epithermal neutrons through interactions with hydrogen in order to increase the probability of them being
captured by°B in the detector. At the same time the polyethylene attenuates the thermal neutron flux through neutron
capture by hydrogen. Nonetheless, a large proportion (approximately 40% of the thermal neutrons detected by the bare

detector) originates from below 0.5 eV (Andreasen et al., 2016).

Obeying Poissonian statistics (Knoll 2010) the measurement uncertainty of a given neutron intensity, N, decreases with

increasing neutron intensity and the standard deviation eqfials N

The measured neutron intensities are corrected for variations in barometric pressure, atmospheric water vapor and incoming
cosmic-ray intensity following procedures of Zreda et al. (2012) and Rosolem et al. (2013). Unfortunately, the water vapor
correction of Rosolem et al. (2013) is only valid for epithermal neutron measurements. Since the development of correction
methods is beyond the scope of this study, we refrained from using a vapor correction for the measured thermal neutron
intensities. We believe that this missing correction will only have a minor effect on our results (Andreasen et al., 2016).
Nevertheless, we suggest that future studies should investigate the effect of water vapor on thermal neutron 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 have unique responses to environmental properties and settings. Therefore, it
is important to consider pure signals of thermal and epithermal neutrons, and not simply the raw neutron intensity signal
measured by the bare and moderated detectors. In order to limit the epithermal and thermal neutron contribution to the bare
and the moderated detectors, respectively, we use the cadmium-difference method (Knoll, 2010; Glasstone and Edlund,
1952). The thermal absorption cross-section of cadmium is very high (approximately 3500 barns) for neutron energies
below 0.5 eV. The cross-section drops to approximatelp#&Bs at neutron energy 0.5 eV and remains low iwiteasing
neutron energies. Thus, a cadmium shielded neutron detector only measures neutrons of energies higher than 0.5 eV. The
epithermal neutron intensity was measured from a cadmium shielded moderated detector, while the thermal neutron
intensity was calculated by subtracting the neutron intensity measured by the cadmium-shielded bare detector from the
neutron intensity measured by the bare detector (unshielded). The cadmium-difference method is described in Andreasen et
al. (2016) in detail.

Appropriate neutron energy correction models were applied in order to obtain pure thermal and pure epithermal neutron
intensity measurements for the time periods when the cadmium-difference method was not applied (Andreasen et al., 2016).
The neutron energy correction models were obtained from field campaigns applying the cadmium-difference method on
bare and moderated detectors at various locations (height levels and land covers). The determination of the neutron energy
correction models was based on the relationships of measurements from unshielded and shielded neutron detectors
(Andreasen et al., 2016).

2.2.3. Footprint
The footprint of the bare detector is unexplained, while the footprint of the moderated detector was determined from
modeling by Desilets and Zreda (2013) and Kohli et al. (2015). However the findings of these two studies were inconsistent.
Desilets and Zreda (2013) used the neutron transport code Monte Carlo N-Particle eXtended (MCNPx) and found the
footprint to be nearly 600 m in diameter in dry air, while Kohli et al. (2015) using the Ultra Rapid Adaptable Neutron-Only
Simulation (URANOS) estimated the footprint to be 260 — 480 m in diameter depending on the air humidity, soil moisture
and vegetation. The potential mismatch in the footprint of the bare and the moderated detectors is a concern when
combining the neutron intensity measurements. Nevertheless, the environmental conditions at the field sites are fairly
homogeneous and although the footprint might be different as a first approximation we assume the neutron intensity

measured using the bare and the moderated detector are comparable.

2.24. Field measurements
Three field sites are used in this study; the primary site is Gludsted Plantation, and two secondary sites are Voulund
Farmland and Harrild Heathland. The sites located within the Skjern River Catchment in the Western part of Denmark
represents the three major land use types (Figure 1) and are all part of the Danish hydrological observatory (HOBE) (Jensen

and lllangasekare, 2011). The sites are situated at an elevation of approximately 50 - 60 m above sea level on an outwash
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plain from the last glaciation composed of nutrient depleted sandy stratified soils. Harrild Heathland is located 1 km south

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

Gludsted Plantation forest field site (56°04'24"N 9°20'06"E) is situated within a coniferous forest plantation covering an

area of around 3500 ha. The trees of the plantation are densely planted in rows and are in general composed of Norway
spruce with small patches of Sitka spruce, Larch and Douglas fir. Within the field site area (38 ha) the trees were estimated
to be up to 25 m high and the dry above-ground biomass to be around 100+46 t/ha (one standard deviation) using LIDAR
images from 2006 and 2007 (Nord-Larsen and Schumacher, 2012). The dry below-ground biomass was calculated to be 25
t/ha using a root-to-shoot ratio (the weight of the roots to the weight of the aerial part of the tree) for Norway spruce of 0.25
(Levy et al., 2004). Information on the vegetation at the forest field site (e.g. tree species, ages, heights and trunk diameters)

is acquired from a register managed by The Danish Nature Agency (representative of the 2012 conditions); see Table 2.
Table 2 isinserted here

In Scandinavian forests around 79% of the total above-ground biomass of Norway spruce is stored within the tree trunks.
The remaining 21% is found in the branches and needles (téoiizgd). A typical density of the tree trunk is 0.83 gfcm

(Serup et al., 2002). The major component of the tree biomass is cellulblsgd4} and represents around 55% of the total

mass, while the remaining 45% is vegetation water (Serup et al., 2002). Based on these approximations, the wet above- and
below-ground biomass at the field site area are estimated to be 182 t/ha and 45 t/ha, respectively. With a leaf area index
(LAI) of 4.5 and a canopy interception capacity coefficient of 0.5 mm/LAI (Andreasen et al., 2013) the maximum storage of

canopy intercepted rain is estimated to be 2.25 mm.

Soil samples were collected within the footprint of the cosmic-ray neutron detector on August 26 — 27, 2013 following the
procedure of Franz et al. (2012). Based on these samples the organic rich litter layer is found to be 5 - 10 cm thick. The dry
bulk density of the litter and mineral layer are calculated by oven drying the soil samples (Table 2), and the soil organic
matter content of the mineral soil is determined from the loss-on-ignition method (16.9% in 10 - 20 cm depth and 7.6% in
20 - 30 cm depth). A time series of soil moisture is calculated from cosmic-ray neutron intensity, starting in spring, 2013,
using the N-method as presented in Desilets et al. (2010). Lastly, the chemical composition of the soil matrix is estimated

for two random soil samples collected at 20-25 cm depth using-thg fluorescencéXRF) analysis (Table 3).
Table 3isinserted here

The element Gadolinium (Gd) can have a significant impact on thermal neutron intensity even at low concentrations due to
its very high absorption cross-section of 49000 barns (1 barif‘ctf). The detection limit of the XRF in this study is 50

ppm for gadolinium (Gd). The two soil samples from Gludsted Plantation both have Gd concentration below the detection
limit of the XRF. Inductively coupled plasma mass spectrometry (ICP-MS) detects metals and several non-metals at very

small concentrations and was used to characterize the soil chemistry of a nearby field site with similar soil conditions
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(Salminen et al., 2005). A Gd concentration of 0.51 ppm was found at that site and we assume this value to be

representative of the conditions at Gludsted Plantation.

Gludsted Plantation is a heavily equipped research field site with a 38-m high tower for measurements at multiple heights
within the forest canopy. At Gludsted Plantation, CR1000/B systems were installed at ground level (1.5 m height) and
canopy level (27.5 m height) in the spring of 2013. Hourly neutron intensities have been continuously detected (Andreasen
et al., 2016) except for short periods where the detectors were used for other types of measurements or during times of
malfunctions. Neutron intensity profiles extending from the ground surface to 35-m-height above the ground were measured
at approximately 5 m-increments during two field campaigns on November 28 — 29, 2013 and March 12 - 14, 2014 at
Gludsted Plantation. In order to obtain comparability between measurements and modeling pure thermal and epithermal
neutron signals were estimated using neutron energy correction models on measurements from bare and moderated
detectors, respectively. The neutron energy correction models were both used on time-series and neutron height profile
measurements. Additionally, during the field campaign on March 12 -14, 2014 an epithermal neutron intensity profile (with
no thermal contribution) was measured using a cadmium-shielded moderated detector (Andreasen et al., 2016). For the
profile measurements neutron intensities were recorded at a 10-minute time resolution. As the thermal neutron intensity
decreases significantly with height we choose to extend the time of measurement with the height level increments to
maintain a low and consistent measurement uncertainty. The volumetric soil moisture content measured using the cosmic-

ray neutron method (Zreda et al., 2008) was 0.18 during both field campaigns.

Voulund Farmland (56°02'14"N 9°09'38"E) is an agricultural field site. In 2015, the fields were cropped with spring barley.
After harvest in the late summer until ploughing in spring 2016 (prior to sowing) the fields were covered with stubble

(around 10 cm high). A 25 cm layer of relatively organic rich soil (4.45% soil organic matter) is found at the top of the soil
column and is a result of the cultivation practices. More information about the field site can be found in Andreasen et al.
(2016). Ground level neutron intensities were measured on September 22 and 23, 2015 at Voulund Farmland (Andreasen et
al., 2016). The measurements were conducted using the bare and the moderated neutron detectors normally installed at
Gludsted Plantation and data were logged every 10 minutes. In order to obtain pure thermal and epithermal neutron height

profiles the neutron energy correction models were applied.

Harrild Heathland (56°01'33"N 9°09'29"E) is a shrub land field site dominated by grasses and heather. The heathland is
maintained by controlled burning, yet, the field site area has not recently been burnt. The organic rich litter layer is found to
be around 10 cm thick during soil sampling field campaigns at the field site. Due to podsolization a low permeable hardpan-
layer hindering percolation to deeper depths is present at around 25-30 cm depth. In the period from October 27 to
November 16, 2015 the ground level thermal and epithermal neutron intensity was measured directly at Harrild Heathland
using the cadmium-difference method (Knoll, 2010). The cadmium-difference method was applied using two bare and one
moderated detector normally installed at Gludsted Plantation. The neutron intensity was integrated and recorded on an

hourly basis.
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2.3. Neutron transport modeling
The three-dimensional Monte Carlo N-Particle transport code version 6 (MCNP6) (Pelowitz, 2013) simulating thermal and
epithermal neutrons is used to model the forest field site. The code holds libraries of measured absorption and scattering
cross-sections used to compute the probability of interactions between earth elements and neutrons. The MCNP6 combines
Monte Carlo N-Particle Transport code version 5 (MCNP5) and Monte Carlo N-Particle Extended Radiation Transport code
(MCNPX). MCNPX has been used for most neutron transport modeling within the field of hydrology (Desilets et al., 2013;
Rosolem et al., 2013; Zweck et al., 2013). However, the improved and more advanced MCNP6 has recently been introduced

and provided more realistic neutron intensity profiles for Voulund Farmland field site (Andreasen et al., 2016).

The number of particle histories released at the center of the upper boundary of the model domain is specified to obtain an
uncertainty below 1%. The released particles represent a distribution of high-energy particles typical for the spectrum of
incoming cosmic-rays traveling through the atmosphere. The modeled neutron intensities are normalized per unit source
particle providing relative values (Zweck et al., 2013). In order to obtain values comparable to measurements conversion
factors are used (Andreasen et al., 2016). The conversion factors 3.%3thd.0.601x18 are multiplied by the modeled

thermal neutron fluences in the energy range of 0 — 0.5 eV and epithermal neutron fluences in the energy range 10 — 1000
eV, respectively. We stress that, the conversion factors are detector-specific as well as dependent on the horizontal area of
the model-setup in MCNP6. The dependence of the environmental settings is at this point in time unclear and should be

addressed in future studies.

2.31. TheGludsted Plantation reference model
The model domain of MCNP6 is defined by cells of varying geometry, and each cell is assigned a specific chemical
composition and density. The lowest 4 m of the Gludsted Plantation reference model consists of subsurface layers. The
chemical composition of the mineral soil is prescribed according to the chemical composition from XRF measurements;
assumed Gd concentration of 0.51 ppm, wet below-ground biomass (cellulose) of 45 t/ha, dry bulk density of1.09 g/cm
and soil moisture content of 0.18. The litter layer is defined according to the chemical composition of cellulose, dry bulk
density of 0.34 g/cfhand moisture content similar to that of mineral soil (see also Table 3). The same soil moisture was
used for the whole soil column, as the soil moisture profile was unknown for the days of neutron profile measurements, and
furthermore we wanted to test the signal of soil moisture. The atmosphere is composed of 79% nitrogen and 21% oxygen by
volume and extends from the forest canopy surface to the upper boundary of the model domain at approximately 2 km
height. Here, an incoming spectrum adapted to the specific level of the atmosphere is specified (Hughes and Marsden,
1966). The density of air is assumed to be 0.001165°gMuitiple sublayers of varying vertical discretization cover the
vertical extent of the model in order to record neutron intensities at multiple heights and depths from the ground surface.
The resolution of the layers increases with proximity to the ground surface ranging in thickness from 0.025 m to 0.20 m for
the subsurface layers and from 1 m to 164 m for the layers above the ground surface. 1 m layers are used from the ground to
28 m height to enable neutron intensity to be modeled at the measured heights. The neutron intensity detectors are layers of
1 m height and extent the full lateral model domain (400 m x 400 m). Reflecting surfaces constrain the model domain. Thus,

the particles reaching a model boundary will be reflected specularly back into the model domain. Wet above-ground
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biomass of 182 t/ha is distributed within the forest canopy layers extending from the ground surface to 25 m above the
ground (Table 4).

The proper way to conceptualize the forest canopy in the model-setup is not obvious and the sensitivity to forest
representation on neutron intensity is therefore investigated using four model-setups of increasing complexity. In the first
representation (Modéioliage Figure 2B) the same material composed of cellulose and air (foliage) is assigned all forest
canopy layers. In order to obtain a wet above-ground biomass of 182 t/ha a relatively low density of 0.0189 g/cm
calculated for the material. In order to allow for a forest canopy layer to be composed of multiple materials (cellulose and
air) and densities (massive tree trunks and less dense foliage and air), the horizontal discretization of the forest canopy
layers is reduced to smaller cells for the next tree model-setups. The bole of each tree is for all three model-setups
represented by a cylinder with a diameter of 0.14 m, a composition of cellulose, and a density of §.98 tgéenis

placed at the center of each cell and extends from the ground surface to the top of the forest canopy layer. In the second
representation (Moddiree trunk, Air Figure 2C) the horizontal discretization of the forest canopy layers is set to 4.20 m by
4.20 m and the remaining volume beyond the bole of the tree is made of air alone (density 0.00F)L6Bysnfor this

model all biomass is stored in the bole of the trees and the cell size is adjusted to obtain a wet above-ground biomass of 182
t/ha resulting in 9070 trees within the model domain. In the third representation (Medetunk, FoliageFigure 2D) the
horizontal discretization of the forest canopy layers is 4.72 m by 4.72 m and the remaining volume beyond the bole of the
tree is made of foliage. As previously described, the share of biomass stored in the tree trunk and the foliage is 79% and
21%, respectively, typical of Norway spruce. The foliage material is a composite of cellulose and air and the density is the
sum of the two (0.001318 g/émA total of 7182 trees are evenly spaced within the model 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 description of the forest canopy layers and the density of the foliage is increased to
obtain the same above-ground biomass as for the other models. The foliage is specified as a 1.7 m thick band around the

tree cylinder and the density of foliage material composted 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 neutron intensities to soil moisture is examined using modeling. The soil moisture
in the Gludsted Plantation reference model is specified to 0.18 and both drier and wetter soils are modeled to test the
sensitivity, i.e. 0.05, 0.10, 0.25, 0.35 and 0.45. Both the forest canopy conceptualization of Medeink, Foliage, Air

and the ModeFoliageare used.

The thermal and epithermal neutron intensity is both a product of hydrogen abundance as well as elemental composition.
The Gludsted Plantation reference model including a complex forest conceptualization Théedelnk, Foliage, Airjs

used to test the sensitivity of thermal and epithermal neutron intensities to soil chemistry. The Gludsted Plantation reference
model holds the most complex soil chemisfou(th order complexifywith multiple subsurface layers composed of

measured concentrations of major elements determined by XRF, soil organic matter, gadolinium and roots (Table 3). In
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order to test the effect of simplifying the soil chemistry a component is excluded one at the tivind:dtpler complexity
soil organic matter is excluded, @cond order complexitgoil organic matter and roots are excludedir8) order

complexity soil organic matter, roots and gadolinium are excluded, apdré)SiQ; all other components are excluded.

The sensitivity of the modeled thermal and epithermal neutron intensities to the presence of the organic litter layer is
investigated using the Gludsted Plantation reference model including a complex forest conceptualizatiofr@d ddedk,

Foliage, Air), in which the thickness of the litter layer is set to be 10.0 cm. Sensitivity simulations are carried out for the

following thicknesses of the litter layer: 0.0 cm, 2.5 cm, 5.0 cm and 7.5 cm. For all litter layer models, the total thickness of

the subsurface is kept constant at 4 m.

The materials of forest floor litter and mineral soil differ distinctly in terms of chemical composition and dry bulk density.

The determination of dry bulk density of the two materials is characterized by measurement uncertainty, especially for the

litter as sampling and drying is very challenging for materials including large amounts of soil organic matter (O'Kelly,
2004). Given that the elemental composition and density of the soil matrix is relevant for the neutron intensity the
sensitivity of dry bulk density on thermal and epithermal neutron intensity is examined. The dry bulk density of the
Gludsted Plantation reference model is set to 0.34°gtmnthe litter layer and 1.09 g/érfor the mineral soil. The Gludsted
Plantation reference model including the complex forest conceptualization (Wregetrunk, Foliage, Air)s used to test
the sensitivity applying four scenarios: 1) higher dry bulk density of the litter layer (0.58),g23rhigher dry bulk density
of the mineral soil (1.60 g/cty 3) lower dry bulk density of the litter layer (0.20 gfgnand 4) lower dry bulk density of
the mineral soil (0.60 g/cth All values with the exception of higher dry bulk density of 1.60 gfomthe mineral soil
(standard value for quartz; soil particle density of 2.66 §amd a porosity of 0.40) are within the range of the

measurements (see Table 2).

The Gludsted Plantation reference model including the complex forest conceptualization{Medelink, Foliage, Air)s
used to test the sensitivity to canopy interception by increasing the density and water content of the cells described by
foliage material. The forest canopy of the reference model is dry (foliage material density 0.00 R limyfmmier to test

the effect, water equivalent to 1 mm (foliage material density 0.0015%)gZ&mm (foliage material density 0.00159

g/cnt) and 4 mm (foliage material density 0.00167 glonfi canopy interception is added to the foliage volume.

The sensitivity to biomass is investigated using the Gludsted Plantation reference model with the complex forest
conceptualization (Modéiree trunk, Foliage, Ajrand the simplified model-setup (Modebliage). The biomass of the
Gludsted Plantation reference model is equivalent to a dry above-ground biomass of 100 t/ha and a dry below-ground
biomass of 25 t/ha, following the root-to-shoot ratio of 0.25 typical of Norway spruce. This distribution is used for both

model setups. For the sensitivity analysis one model without vegetation (Mtal Figure 2A) and three models with

different amounts of biomass are used (see Table 4). The forest canopy layer extending uniformly from the ground to 25 m
above the ground surface is for the model with no vegetation assigned with the material composition and density of air. The

amount of biomass modeled for the three remaining models is equivalent to a dry above-ground biomass of: 1) 50 t/ha, 2)
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200 t/ha, and 3) 400 t/ha. The size of the cells in the forest layers and the density of the foliage material are adjusted in order

to obtain the correct amount of biomass.

3. Resultsand discussions

3.1 Gludsted Plantation
The neutron intensity profiles for Gludsted Plantation are modeled using four different forest canopy conceptualizations.
The model results are presented in Fig. 3 along with time-series of hourly and daily ranges of thermal and epithermal
neutron intensities collected at the Gludsted Plantation during the period 2013-2015, and measured/estimated thermal and
epithermal neutron intensity profiles (November 2013 and March 2014). Following the Poissonian statistics the relative
uncertainty decreases with increasing neutron intensity. The relative measurement uncertainty is therefore higher for the
hourly time series data than for the multi-hourly (2-12 hr) and daily measurements. Accordingly, we choose to rely mostly

on the time-series measurements, as the measurement uncertainty is lower than for the neutron height profiles.
Figure 3isinserted here

Overall, time-series and profile measurements provide similar results in agreement with theory. The thermal neutron
intensity decreases considerable with height above ground surface and is at canopy level reduced by around 50% compared
to at the ground level. The epithermal neutron intensity increases slightly with height and is around 10-15% higher at the
canopy level compared to the ground level. Still, some differences are observed between the neutron height profiles
measured in November 2013 and March 2014. The soil moisture was similar during the time of neutron profile detection

and we expected the differences to be a result of different climate and weather conditions related to the seasons of
detections (spring and fall). Furthermore, although the area average soil moisture is the same for the two field campaigns the
soil moisture profiles may be different resulting in different neutron profile slopes and thermal-to-epithermal neutron (t/e)
ratios. In particular, the assumption of identical soil moisture of the litter layer and the mineral soil may be inappropriate as
this was not the case during two out of three soil sampling field campaigns where the results differed considerably (soil
samples were collected at 18 locations within a circle of 200 m in radius and in 6 depths from 0-30 cm depth following the
procedure of Franz et al. (2012)). However, both neutron profiles are within the ranges of the daily time-series
measurements and we therefore still believe that they can be used in the assessment of the modeled neutron profiles. For

future studies we recommend soil sample field campaigns to be conducted on the days of neutron profile measurements.

Overall, a remarkable agreement between measurechagieled neutron intensities is seen in Fig. 3. We stress that no
calibration of the governing physical properties in the forest model is performed and that the estimates are based on
measured properties. The ground and canopy level thermal and epithermal neutron intensity for the four forest canopy
conceptualization models are provided in Table 5. All modeled neutron intensity profiles are within the range of hourly
time-series measurements, and in particular the thermal neutron profiles are in agreement with measurements. Overall, the

models of the more complex forest canopy conceptualizations, including a tree trunk, provide similar thermal and
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epithermal neutron profiles. The ground and canopy level thermal neutron intensity of models with forest canopy
conceptualization of Moddiree trunk, Foliageand ModelTree trunk, Foliage, Aiare within the daily ranges of the time-

series measurements. In contrast, the modeled epithermal neutron profiles of the more complex models are slightly
underestimated and the profile slope is steeper than the measured profiles. Nevertheless, the modeled epithermal neutron
intensity profile is still within the ranges of the time-series of hourly measurements at both height levels. The neutron
intensity profiles of the simpler forest canopy conceptualization of Meal&lgeis less steep and is the only model

providing an epithermal neutron intensity profile within the daily ranges of the time-series measurements at both the ground

and canopy level.
Table5isinserted here

The most appropriate forest canopy conceptualization is not obvious from Fig. 3 as the best fit of the thermal measurements
is found using a complex conceptualization, while the more simple foliage conceptualization matches the epithermal
measurements better. We can, however, conclude that the neutron transport at the ground-atmosphere interface is sensitive
to the level of complexity of the forest canopy conceptualization. Improved comparability to measurements may be obtained
by advancing the forest canopy conceptualization. Currently, one tree is defined and repeated throughout the model domain.
The trees are placed in even rows and the same settings are applied from the ground surface to 25 m height. In order to
advance the forest canopy conceptualization, trees of different heights and diameters could be included, and the placement
of the trees could be more according to the actual placement of trees at the forest field site. Additionally, variability in tree

trunk diameter, foliage density and volume with height above the ground surface could be implemented.

Here, a sensitivity analysis is perform using the most complex model and occasionally the simplest forest canopy
conceptualization to examine the effect of soil moisture, soil dry bulk density and composition, litter and mineral soil layer
thickness, canopy interception and biomass on the thermal and epithermal neutron transport at the immediate ground-

atmosphere interface.

3.2. Soil moisture
The modeled thermal and epithermal neutron intensity profiles of Modeltrunk, Foliage, Aiand ModeFoliage using

six different soil moistures, 0.05, 0.10, 0.18, 0.25, 0.35 and 0.45, are presented in Figs. 4 and 5, respectively. To enable
comparison the measurements included in Fig. 3 are also included in Figs. 4 and 5. The sensitivity of soil moisture on
thermal and epithermal neutron intensities at the ground and canopy level relative to th&eiedeink, FoliageAir and

Model Foliage at reference conditions (soil moisture 0.18) is provided in Table 6.

Figure4, Figure5 and Table 6 areinserted here

As expected, the thermal and epithermal neutron intensity is seen in Table 6, Figs. 4 and 5 to decrease with increasing soil
moisture. For both model-setups, the largest changes in neutron intensity occur at the dry end of the soil moisture range and
for the epithermal neutrons. For Modeke trunk, Foliage, Aif(Figure 4), only a minor decrease in the sensitivity of soil

moisture on epithermal neutron intensity is observed going from ground level to canopy level (approximately 15%

Page 14 of 36

39



10

15

20

25

30

reduction in intensity range corresponding to a soil moisture change of 0.40). On the other hand, the sensitivity of the
thermal neutron intensity is reduced more than 50% (Table 6) most likely caused by the lower mean-free path length of the
thermal neutrons compared to that of epithermal neutrons. The response to soil moisture is similar for the model with a
simple forest canopy conceptualization (Figure 5). However, both thermal and epithermal neutron intensities are found to be
slightly more sensitivity to soil moisture. Neutron intensity at dry and wet soil conditions is represented by the range of
time-series neutron intensity measurements. Overall, the modeled neutron intensities are within the measurement range and

the more appropriate model-setup for Gludsted Plantation is not obvious from the modeling results.

3.3 Subsurface properties
Thermal and epithermal neutron intensity profiles are modeled using Magetrunk, Foliage, Aifwith fourth order
complexity and models of decreasingly complex soil. Soil organic matter, below-ground biomass, Gd and the chemical
composition from XRF measurements are excluded one at the timetffirdrto first order complexityand the final model
includes a simple silica soi6{0,). The exact sensitivity of excluding the different components on ground and canopy level
thermal and epithermal neutron intensity is quantified in Table 6 (see values in parentheses). Only the removal of soil
organic matterthird order complexitychanges the neutron intensity significantly at Gludsted Plantation, i.e. an increase in
the ground level thermal and epithermal neutron intensity of 19 cts/hr (cts = counts) and 25 cts/hr, respectively, is observed.
The sensitivity to soil chemistry on thermal and epithermal neutron intensity profiles was found to be more substantial at
Voulund Farmland (Andreasen et al., 2016). The soil organic matter content at Voulund Farmland is smaller and the sail
chemistry is, except from a few elements (added in relation to farming activities; spreading of manure and agricultural
lime), similar to Gludsted Plantation. Modelling shows that the sensitivity to soil chemistry at Gludsted Plantation is
dampened by the considerable amount of hydrogen present in the forest biomass and the litter at the forest floor (not

presented here).

The thermal and epithermal neutron intensity is modeled for a forest with litter layer of various thicknesses (Figure 6A).
The ModelTree trunk, Foliage, Aimcluding a 10.0 cm thick litter layer is used along with forest models with litter layers

of 0.0 cm, 2.5 cm, 5.0 cm and 7.5 cm thickness.
Figure6isinserted here

Neutron intensities are found to decrease with an increasing layer of litter, having the greatest impact on the epithermal
neutron intensities (see also Table 6). The considerable amount of hydrogen in litter causes the probability of scattering of
neutrons travelling through the subsurface to increase with increasing amounts of litter. Thereby, the t/e is found to be
altered when changing the thickness of the litter layer. This effect is most pronounced when the model without a litter layer
is compared to the model with just a thin 2.5 cm thick litter layer. Additionally, the sensitivity to litter and mineral soils dry
bulk density on neutron intensity is examined as a considerable range of values is measured within the footprint of the
neutron detector (see Table 2). Models including higher litter layer (0.5¢)gastd mineral soil dry bulk density (1.60 g

cm?®) as well as lower litter layer (0.20 g &irand mineral soil dry bulk density (0.60 g &mnly provided slight changes

in thermal and epithermal neutron intensities. Nevertheless, a reverse response of changed bulk densities is observed. A
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decrease in neutron intensity is obtained both by increasing the dry bulk density of the litter material and decreasing the dry
bulk density of the mineral soil. Conversely, higher neutron intensities are computed by decreasing the dry bulk density of
the litter material and increasing the dry bulk density of the mineral soil. The production rate of low-energy neutrons (<1
MeV) per incident high-energy neutron is higher for interactions with elements of higher atomic ffasehgke A is the

atomic mass) (Zreda et al., 2012). Heavier elements are in particular found in mineral soil and an increase in the dry bulk
density entails a higher production rate and therefore higher neutron intensity. The concentration of hydrogen is increased
with an increased dry bulk density of litter material resulting in a greater moderation and absorption of neutrons, and as a
consequence lower neutron intensities. To summarize, the mineral soil acts as a producer of thermal and epithermal

neutrons, while the litter acts as an absorber.

3.4. Canopy interception
The effect of canopy interception on thermal and epithermal neutron intensity is modeled usingigedeink, Foliage,
Air (Figure 6B and Table 6). Except for a slight increase in ground level thermal neutron intensities with wetting of the
forest canopy, no effect of canopy interception on ground and canopy level thermal and epithermal neutron intensity is
observed. A maximum change of approximately 3% (15 cts/hr) is observed for thermal neutron intensity at ground level
going from a dry canopy to 4 mm of canopy interception. At the specific field site a maximum canopy storage capacity of
2.25 mm is expected, producing a change in observed ground level thermal neutron intensity of approximately 7 cts/hr.
Given an average neutron intensity of 504 cts/hr of ground level thermal neutrons with the installed detectors, an uncertainty
of 22 cts/hr is expected based solely on Poissonian statistics. In order to obtain a signal-to-noise ratio of 1, either an 11-
hour-integration time or 11 detectors similar to the installed are needed. However, longer integration times are not
appropriate when considering Gludsted Plantation as the return time of canopy interception (cycling between precipitation

and evaporation) often is short (half-hourly to hourly time resolution).

Although detection of canopy interception at Gludsted Plantation is unfavorable it may still be possible at more appropriate
conditions. Canopy interception modeling as described above is therefore also performed for soil moisture 0.05, 0.10, 0.25
and 0.40. Ground level t/e ratio of the 20 model combinations are plotted against ground level thermal neutron intensity,
ground level epithermal neutron intensity and volumetric soil moisture (Figure 7). We choose not to include measurements
in the figure because the measurement uncertainty at a relevant integration time is greater than the signal of canopy

interception.
Figure 7 isinserted here

Overall, ground level t/e ratio is found to be independent of ground level thermal neutron intensity (Figure 7A), ground
level epithermal neutron intensity (Figure 7B) and volumetric soil moisture (Figure 7C). Ground level t/e ratio is found to
increase with increasing canopy interception. The ground level t/e ratio for a dry canopy is on average 0.804, while the
average at 4 mm of canopy interception is 0.836. Overall, the same increase in ground level t/e ratio is obtained per 1 mm
additional canopy interception. Although the change in the t/e ratio with wetting/drying of the forest canopy is small the

canopy interception may potentially be measured using cosmic-ray neutron intensity detectors at locations with: 1) a high
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neutron intensity level (lower latitude and/or higher altitude, 2) more sensitive neutron detectors, and 3) greater amounts of
canopy interception with longer residence time (e.g. snow). We suggest future studies investigating the effect of canopy

interception on the neutron intensity signal to be performed at locations matching one or more of these criteria.

3.5. Biomass
The sensitivity to the amount of forest biomass on thermal and epithermal neutron intensity using the forest canopy
conceptualization of Moddiree trunk, Foliage, Aiand ModelFoliage are presented in Fig. 6C and Fig 6D, respectively.
The neutron intensity is provided for a scenario with no vegetation and models with biomass equivalent to dry above-
ground biomass of: 50 t/ha, 100 t/ha (Gludsted Plantation), 200 t/ha and 400 t/ha.

Forest biomass is seen to significantly alter the thermal and epithermal neutron intensity both with regards to the differences
between ground and canopy level neutron intensity, and ground level t/e ratios (Figures 6C and 6D). The direction and
magnitude of these changes are found to be rather different depending on the two forest canopy conceptualizations. For the
Model Tree trunk, Foliage, Aithe increase in biomass results in an increase in thermal neutron intensity while the

epithermal neutron intensity decreases (Figure 6C). The neutron intensity depends on how many neutrons are produced,
down-scattered to lower energies and absorbed. Including biomass to a system increases the concentration of hydrogen and
leads to reduced neutron intensity as the moderation and absorption is intensified. Despite this, increased thermal neutron
intensity is provided with greater amounts of forest biomass. We hypothesize that forest biomass enhances the rate of
moderation more than the rate of absorption. Thus higher thermal neutron intensity is obtained as the number of thermal
neutrons generated by the moderation of epithermal neutrons exceeds the number of thermal neutrons absorbed. This
behavior may be due to the large volume of air within the forest canopy. The probability of thermal neutrons to interact with
elements within this space is low as the density of air is low. The effect at ground level is almost the same up to an elevation

of 20 m, but decreases sharply near the top of the forest canopy (not presented here).

Increasing the biomass in the Modeliagefrom 0 t/ha to 50 t/ha (Figure 6D) results in a considerable increase in ground
level thermal neutron intensity (136 cts/hrs, Table 6) while at canopy level thermal neutron intensity is almost unaltered. A
further increase in biomass (>50 t/ha) decreases both ground and canopy level thermal neutron intensities. The epithermal
neutron intensity decreases at ground level and increase proportionally at canopy level with increasing amounts of biomass.
The epithermal neutrons produced in the ground escape to the air and are moderated by the biomass, resulting in reduced
epithermal neutron intensity with greater amounts of biomass. All models provide in accordance to theory increasing
epithermal neutron intensity with height, yet, the reduced steepness of the neutron height profiles with added biomass is
unexplained. Oppositely to Mod€&tee trunk, Foliage, Airthe ground level thermal neutron intensity decreases with added
biomass. This may be due to the elemental concentration. Here, no space is occupied by a material of very low elemental

density and may lead to an increased absorption of thermal neutrons.

As shown in Figs. 3, 6C and 6D the resulting thermal and epithermal neutron intensity profiles depend highly on the chosen
model-setup (forest conceptualization). At this stage, we cannot determine which conceptualization is more realistic, and we

therefore choose to use both conceptualizations in the further analysis.
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Overall, a positive correlation is found for the differences between ground and canopy level neutron intensity (thermal and
epithermal neutron energies) and the amount of biomass (Figures 6C and 6D, and Table 6). However, Treevtogds,

Foliage, Airand ModelFoliage provides different relationships, and measurements and modeling are not fully in

agreement. Alternatively, one can also potentially use the t/e ratio at the ground level to assess biomass. The advantage is
that only one station is needed - and that at a convenient location. This would also allow for surveys of biomass estimations

to be conducted from mobile cosmic-ray neutron intensity detector systems, e.g. installed in vehicles.

The measured and modeled ratios are again provided using both forest canopy conceptualization, Tesdvioaiek,

Foliage, Air (Figure 8) and Moddtoliage (Figure 9). The ratios are plotted against A) ground level thermal neutron
intensity, B) ground level epithermal neutron intensity, and C) soil moisture estimated usingrb#bd (Desilets et al.,
2010). Measurements are provided as daily averages, biweekly averages and as a total average of the whole two-year-

period.
Figure8 and Figure 9 areinserted here

The modeled ground level t/e ratio increases with forest biomass (Figures 8 and 9). Drying or wetting of soil change the
thermal and epithermal neutron intensity proportionally and the ratios are accordingly found to be independent of changes in
the ground level thermal neutron intensity, the ground level epithermal neutron intensity and volumetric soil moisture.
However, this independence is not seen in the measurements, where the ground level epithermal neutron intensity and soil
moisture (Figures 8C and 9C) in particular seem to impact the ratio. The discrepancy of measurements and modeling could
be related to: 1) shortcomings in the model setup, i.e. a need for an even more realistic forest conceptualization, and more
detailed and up-to-date forest information. A model including a sufficient representation of the field site will provide

neutron height profiles and t/e ratios more representative of the real conditions, 2) discrepancy of measured and modeled
energy ranges as discussed in Andreasen et al. (2016), and 3) unrepresentative biomass estimate. The 100 t/ha dry above-
ground biomass was estimated using LIDAR images from 2006 and 2007 and therefore not completely representative of the
2013-2015 conditions (because of tree growth). Furthermore, the biomass estimate varied considerably within the image
(standard deviation = 46 t/ha), and the image coverage did not fully match the footprint of the cosmic-ray neutron intensity

detector.

Overall, for the ModeTree trunk, Foliage, Aiin Fig. 8, a remarkable agreement is seen when comparing the two-year-
average of the measured ratio with the modeled value of Gludsted Plantation (100 t/ha dry above-ground biomass, Figure
8). The biweekly averages of measurements are all within the ratios modeled for biomass of 50 t/ha - 200 t/ha. For the
Model Foliagein Fig. 9 the measured ratio is in better agreement with a lower biomass (50 t/ha dry above-ground biomass)
and the biweekly averages of the measurements are much wider exceeding both the lower and upper boundary of ratios

provided by the models of 50 t/ha and 400 t/ha dry above-ground biomass.
A fairly proportional increase in the ground level t/e ratio with respect to greater amounts of biomass is found when using

Model Tree trunk, Foliage, AifFigure 10). Contrarily, when using Mod&abliage a more uneven increase in the ratio with
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increasing amounts of biomass is provided. A major increase in the ground level t/e ratio of around 0.22 appears from no
vegetation to a dry above-ground biomass of 50 t/ha. However, additional amounts of biomass only increase the ground
level t/e ratio slightly. With additional 350 t/ha biomass (from 50 t/ha to 400 t/ha dry above-ground biomass) the t/e ratio

increases by only 0.05 cts/hr.
Figure 10isinserted here

The modeled ground level t/e ratio is compared with two additional field sites close to Gludsted Plantation. The three field
sites have similar environmental settings (e.g. neutron intensity, soil chemistry), though different land covers with different

amounts of biomass (stubble pasture and heathland).

At Voulund Farmland the ground level t/e ratio was measured to be 0.53 and 0.58 on Sept&habdrS@ptember 23

2015, respectively. Only minor amounts of organic matter were present in the stubble and residual of spring barley
harvested in August 2015. Additionally, the ground level t/e ratio was determined based on modeling of bare ground and
site specific soil chemistry measured at Voulund Farmland (Andreasen et al., 2016). The modeled ratio was found to be 0.56
in agreement with the measured ratios. The ratio modeled based on the non-vegetated conceptualization of Gludsted
Plantation was slightly higher (0.60, see Figures 16 and 17). Here, a 10 cm thick litter layer was included in the model. The
sensitivity analysis on the effect of litter layer on neutron intensity (Figure 8 and Table 6) implies that lower ground level t/e

ratios are found at locations with a thin or no litter layer.

The ground level t/e ratio at the Harrild Heathland was measured to 0.66 during the period October 27 to November 16
2015. The ratio is slightly higher than the non-vegetated model for Gludsted Plantation. Both field sites have a considerable
layer of litter, and the slightly higher t/e ratio relative to the non-vegetated Gludsted Plantation may be due to biomass in the
form of grasses, heather plants and bushes present at Harrild Heathland. At Gludsted Plantation, the ratio is 0.73 for dry
above-ground biomass equivalent of 50 t/ha. Accordingly, the ratio measured at Harrild Heathland is somewhere in between
the ratio modeled for a non-vegetated field site and a field site with biomass equivalent to 50 t/ha dry above-ground

biomass.

The modeled decrease in ground level t/e ratios with smaller amounts of biomass are in line with the measurements

conducted at the three field sites of similar soil chemistry and dissimilar land covers in terms of litter and vegetation.

Detecting the ground level t/e ratio at locations of known biomass should be accomplished to test the suggested relationship
obtained using the forest canopy conceptualization of Mbiaa trunk, Foliage, AirWe recommend a detection system

with higher sensitivity to be used when a location of low neutron intensity rates (like Gludsted Plantation) is surveyed,

unless long periods of measurements can be conducted at each measurement location. This can be accomplished by using
larger sensors, an array of several sensors and/or sensors that are more efficient, as is done in roving surveys (Chrisman and
Zreda, 2013; Franz et al., 2015).
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4. Conclusion
The potential of applying the cosmic-ray neutron intensity method for other purposes than soil moisture detection was
explored using profile and time-series measurements of neutron intensities combined with neutron transport modeling. The
vegetation and subsurface layers of the forest model-setup were described by average measurements and estimates. Four
forest canopy conceptualizations of increasing complexity were used. Without adjusting parameters and variables, modeled
thermal and epithermal neutron intensity profiles compared fairly well with measurements, yet, some deviations from
measurements were observed for each of the four forest canopy conceptualization models. The more appropriate forest
canopy conceptualization was not obvious from the results as the best fit to thermal neutron measurements was found using
complex forest canopy conceptualization, including a tree trunk and multiple materials, while the better fit to epithermal
neutron measurements was found using the most simple forest canopy conceptualization, including a homogenous layer of
foliage material. A sensitivity analysis was performed to quantify the effect of the forests governing parameters/variables on
the neutron transport profiles. The sensitivity of canopy interception, dry bulk density of litter and mineral soil, and soil
chemistry on neutron intensity was found to be small. The ground level t/e neutron ratio was found to increase with
increasing amounts of canopy interception and to be independent of ground level thermal neutron intensity, ground level
epithermal neutron intensity and soil moisture. However, the increase was minor and the measurement uncertainty exceeds
the signal of canopy interception at a timescale appropriate to detect canopy interception at Gludsted Plantation (half-hour
to hourly). However, the signal of canopy interception can potentially be isolated in measurements from locations of higher
neutron intensities (lower latitudes and/or higher altitudes) with canopy interception of longer residence time and larger
storage capacity (e.g. snow). Neutron intensity was found to be more sensitivity to litter layer, soil moisture and biomass at
the forest field site. An increased litter layer at the forest floor resulted in reduced neutron intensities, particularly for
epithermal neutrons. Forest biomass was found to alter the thermal and epithermal neutron transport significantly, both in
terms of the shape of the neutron profiles and the t/e neutron ratios. The response to altered amounts of biomass on thermal
and epithermal neutron intensity is non-unique for the simple and complex forest conceptualization and further
advancement of the forest representation is therefore necessary. Still, both the difference between ground and canopy level
thermal and epithermal neutron intensity, respectively, and the ground level t/e ratios were changed with additional amounts
of biomass using the simple and complex forest canopy conceptualization. The best agreement between measurements and
modeling was obtained for the ground level t/e neutron ratio using a model with a complex forest canopy conceptualization.
Furthermore, the modeled ratios were found to agree well with two nearby field sites with different amounts of biomass (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 and dry bulk densify) @@fdhe litter layer and the mineral soil at Gludsted

Plantation field site. Tree height and diameter are representative 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 ¢ 1.09 0.28 1.53 0.22

* Data obtained from the Danish Nature Agency
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5

Table 3 — Chemical composition of major elements at Gludsted Plantation determined using X-ray fluorescence 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 conceptualization of Modete trunk, Foliage, Air**Reference model.

Models

No vegetaton 50tha  100th&* 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] * - 6.67x6.67 4.72x4.72 3.34x3.34 2.36 x 2.36
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Table 5 — Modeled ground level (1.5 m) and canopy level (27.5 m) thermal neutron intensity and epithermal neutron

intensity for the Gludsted Plantation models including four different forest canopy conceptualizations (see Fig. 3).

Thermal Thermal Epithermal Epithermal

15m 275m 15m 275m
Gludsted Plantation models (Fig. 3) 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 (1.5 m) and canopy level (27.5 m) thermal neutron intensity and epithermal
neutron intensity due to (1) soil moisture, (2) soil chemistry, (3) litter layer thickness, (4) mineral soil and litter dry bulk
density (bdy), (5) canopy interception and (6) biomass. The sensitivity is provided in absolute values and are relative to the
simulations based on Mod€&tee trunk, Air, Foliageand ModelFoliage*, respectively (see Fig. 3 and Table 5). Values
provided in parentheses specifies the direct effect of one-by-one excluding soil organictmiatterder complexity, Gd

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

(SIGy).

Thermal Thermal Epithermal Epithermal

15m 27.5m 15m 275m
Soil moisture models (Fig. 4) 0.18 504* 257* 623* 717*
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) 10.0cm 504* 257* 623* 717*
7.5cm 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 bgy, 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 4 -2 -3 0
2 mm 7 -3 -5 5
4 mm 15 -7 -5 2
Biomass models (Fig. 6C) 100 t ha 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 t hd 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 three field sites; G: Gludsted Plantation (light gray), V: Voulund Farmland
5 (beige) and H: Harrild Heathland (purple). The circles represent the footprint of the neutron detector (radius = 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( - 0.1 m)
-ff; Mineral soil laye _
(3.9-4.0m)
Horizontal model conceptualization o0 o0 o0
as seen from above . . o0 o0

Figure 2 — Model conceptualizations of forest. A: no forest canopy layer (model Gaime"); B: homogeneous foliage
layer with a uniformly distributed biomass (model nafaiage); C: cylindrical tree trunks with air in between (model
name:Tree trunks, Ay, D: cylindrical tree trunks with foliage in between (model nafree Trunksfoliage); E:
cylindrical tree trunks enveloped in a foliage-cover with air in between (model faesetrunks, Foliage, Air The bottom

four figures illustrate the forest conceptualization seen from above.
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Figure 3 — Measured and modeled (A.) thermal and (B.) epithermal neutron intensity profiles at Gludsted Plantation. Hourly
and daily ranges of variation of thermal and epithermal neutron intensities at ground and canopy level for the period 2013—

2015. Gludsted Plantation is modeled using four different forest canopy conceptualizations (see Figure 2).
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Figure 4 — Sensitivity to soil moisture (Modilee trunk, Foliage, At Measured and modeled (A.) thermal and (B.)

epithermal neutron intensity profiles at Gludsted Plantation. Hourly and daily ranges of variation of thermal and epithermal

neutron intensities at ground and canopy level for the period 2013-2015.
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at ground and canopy level for the period 2013-2015.
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Thermal and epithermal neutron intensity at ground and canopy level.
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Figure 7 — Modeled ground level thermal-to-epithermal neutron intensity ratios using theTvelalunk, Foliage, Aifor
a dry forest canopy and canopy interception of 1 mm, 2 mm and 4 mm. plotted against modeled: A.) ground level thermal

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

A.) ground level thermal neutron intensity, B.) ground level epithermal neutron intensity, and C.) volumetric soil moisture.
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Abstract
Cosmic-ray neutron intensity is inversely correlated to all hydrogen present in the upper decimeters of the subsurface and

the first few hectometers of the atmosphere above the ground surface. This method has been used for measuring soil

moistureand tomass.but

several other hydrogen pools affect the sigiwg.use a neutron transport model with various ssgriations of the forest

and different parameters describing the subsurface to match melasigieighrofiles and time series of thermal and
epithermal neutron intensities at a field site in Denmark. A sensitivity analysis is performed to quantify the f&ffest of
canopy-representatiosil moisture, complexity of soil matrix chemistfgrest litter, soil bulk density, canopy interception
and forest biomass ereutren-tatensity—Fhe-resy how-that-ferestaissrhas-a-significantinfluence-en-the-neutron

tensitythermal and epithermal neutron intensities at multiple height levels above the ground surface. Overall, modeled

thermal and epithermal neutron intensities are in satisfactory agreement with measurements, yet, the forest canopy

conceptualization is found to be significant for the modeling results. The results show that the effect of canopy interception,

soil chemistry and dry bulk density of litter and mineral soil on neutron intensity is small, while the sensitivity to litter layer

thickness and biomass in addition to soil moisture is found to be significant. The neutron intensity decreases with added

litter layer thickness, especially for epithermal neutron energies. Forest biomass has a significant influence on the neutron

intensity heighprofiles at the examined field site, altering bt shape of the profiles and the ground level thermal-to-
epithermal neutron ratiGhe-ground-level-thermal-to-epithermalneutron Téat increases significantly with increasing
amounts of biomass amgirerinsignificantlywith canopy interception. Satisfactory agreemefusnd between
measurements and modgdtimates of biomagesults at the forest site as well as two neatieg sepresenting agricultural
and heathland ecosystems. The measured ground level thermal-to-epithermal neutron ratios obtresitieeange from
around 0.56 to 0.8ZheA significantly smaller effect of canopy interceptiom the ground level thermal-to-epithermal

neutron ratio was modeled to range froi83.80to 083684for a forest with a dry and a very wet canopy (4 nfraanopy

interception), respectively:

RS,

1. Introduction
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ic pool of

st8oil moisture plays an important role in water andrgy exchanges at the
ground-atmosphere interface, but is difficult and expensive to measure at the intermediatieestafeetersjThe cosmic-

ray method has been developed to circumvent the shortcomings of existing measurement procedures for soil moisture
detection at the multi hectare scale (e.g. Zreda et al. (2008) and Franz et al. (2@12psmic-ray neutron intensity (eV
range) at the ground surface is a product of the elemental composition and density of the immediate air and soil matrix.

Hydrogen is, because of its physical properties and often relatively high concentration close to the land surface, a significant

element controlling neutron transpoks a result, neutron intensity is inversely corredatvith the hydrogen content of the

surrounding hectometers of air and top decimeters of the ground (Zreda et al., 2008). Neutron intensity measurements were

found to be suitable for the detection of soil moisture since it often forms the major dynamic pool of hydrogen within the

footprint of the detector.

Cosmic-ray neutron intensity detection also has potential for estimating other pools of hydrogen present within the footprint
of the neutron detector (Zreda et al., 2008; Desilets et al., 2010). Hydrogen is stored statiealgtaticaty-or
dynamically-in-soilbwater—atmespheric-water-vaporwater in soil mineralssei-erganic-mattersnow, and

buildings/roadsguasi-statically irmbove and below ground biomassil organic matter, snow and lakes/streams, or

dynamically in soil water, atmospheric water vaand canopy intercepted precipitation (see Tablé#g-signal-ef-seme

hese-hvdrogen-pools-h eady-been-investigated-with-the-aim-of-correcting-cosm / Reutren-seil moisture

the cosmic-ray neutrasoil moisture estimation method by determining adfom models to remove the effect of other

influencing pools of hydrogen.

Rosolem et a(2013) examined the effect of atmospheric water vapahe neutrointensity(10-100 eV; 1 eV = 1.6*18
J) using neutron transport modeling and determined a scheme to rescale the measured neutron intensity to reference

conditions. For the preparation of cosmic-ray neutron data correction for changes in atmospheric water vapor is along with

corrections for temporal variations in barometric pressure and incoming cosmic radiation a standard procedure (Zreda et al.,

2012).

Most studies have focused on improving thechlibration parameter used for soil moisture estimation at forest field sites

but also at high-yielding crop field sites like maize. Bogena et al. (2013) demonstrated the importance of including the litter

layer in the calibration for cosmic-ray neutron soil moisture estimation at field locations with a significant litter layer. The
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N, calibration parameter obtained from field measurements was found to decrease with increasing biomass (Rivera
Villarreyes et al., 2013; Hornbuckle et al., 2012; Hawdon et al., ZRdaiz et al., 2015owidIn order to account for this

effect Baatz et al. (2015a) defined a correction model to remove the effect of biomass on the neutron intensity signal. A

different approach was presented by Franz et al. (2013b). Here a universal calibration function was proposed where separate

estimates of the various hydrogen pools are included for cosmic-ray neutron soil moisture estimation.

Few studies have explored the potential of using the cosmic-ray neutron method for additional applications. Desilets et al.

(2010) distinguished snow and rain events using measurements of two neutron energy bands, and Sigouin and Si (2016)

reported an inverse relationship between snow water equivalent and the neutron intensity measured using the moderated

detector. Franz et al. (2013a) demonstrated an approach to isolate the effect of vegetation on the neutron intensity signal and

estimate area average biomass water equivalent in agreement with independent measurements. Finally, the signals of

biomass and canopy interception on neutron intensity, measured using the moderated detector, have also been investigated

by Baroni and Oswald (2015). They account the higher soil moisture estimated using the cosmic-ray neutron method

compared to the up-scaled soil moisture measured at point-staémimpact of canopy interception and biomass. The

two pools of hydrogen were then separated in accordance to their dynamics.

The ability to separate the signals of the different hydrogen pools on the neutron intensity is valuable both for the

advancement of the cosmic-ray neutron soil moisture estimation method and for the potential of additional applications. The

potential of determining canopy interception and biomass from the cosmic-ray neutron intevaditghde as they form

essential hydrological and ecological variables. Both are difficult and expensive to measure continuously at larger scales.
Although theunwantedeffect of biomassnd biomasgrowth on cosmic-ragstirated-seil-meisture{Hoernbuekleet al.,
2012)neutron intensitganpetentiallybe accounted for using independent metHbesreby-improving-seibmoistdre
determinations) there is currently no established method for indepetly constraining biomass basedcoamic-ray

neutron data alone.

Canopy interception is for some climatic and environmental settings an important variable to include in water balance
studies, as well as in hydrological and climatological modeling. For the forest site studied here the canopy interception loss
was found to be 31-34% of the gross precipitation, making it a vital variable to consider (Ringgaard et al., 2014). A
common method to estimate canopy interception is by subtracting the precipitation measured at ground level below canopy
(throughfall) from precipitation measured above the forest canopy (gross precipitation) using standard precipitation gauges.

FheHowever, thespatial scale of measurement is small and is poesentative of larger areas as the canopy interception is

highly heterogeneous. In order to obtain a representative measure of canopy interception multiple throughfall stations must
be installed. This is labor intensive and measurement uncertainties are significant. Precipitation underestimation due to wind
turbulence, wetting loss, and forest debris plugging the measurement gauge at the forest floor are sources of significant

uncertainty (Dunkerley, 2000).

The forest biomass represents an important resource for timber industry and renewable energy. Furthermore, forest modifies
the weather through the mechanisms and feedbacks related to evapotranspiration, surface albedo and roughness. Overall, the
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forest ecosystems have a cooling impact on global climate as significant amounts of carbon are accumulated through
photosynthesis. Carbon sequestration by afforestation and an effective forest management is a widely used method to
decrease the concentration of carbon dioxide in the atmosphere and thereby attenuate the greenhouse effect (Lal, 2008). The
carbon sequestration in vegetation can be quantified by monitoring the growth of biomass over time. The most conventional
and accurate method to estimate forest biomass is the use of allometric models describing the relationship between the
biomass of a specific tree species and easily measurable tree parameters, such as tree height and tree diameter at breast
height (Jenkins et al., 2003). However, this approach is time consuming and labor intensive because numerous trees have to
be surveyed to obtain accurate and representative results (Popescu, 2007). Remote sensing technology offers alternative
methods to estimate biomass as high correlations are found between spectral bands and vegetation parameters. One method
providing high resolution maps is airborbight Detection And Rangin@iDAR) technology (Boudreau et al., 2008). The

LIiDAR system is installed in small aircrafts and digitizes the first and last return of near-infrared laser recordings. The

canopy height at a decimeter grid-size scale can be obtained and the biomass can be estimated from regression models.
Instruments and aircraft-surveys are expensive, and measurements of tree growth will often be at a coarse temporal

resolution.

Here,Previous studies examinithge potentialeffeciof dete
hydrogen orcosmic-ray neutromtensities-is-investigated—The-analysisis-basagtensity has for most cases considered a

single neutron energy range (neutron intensity measured using the moderated neutron detector) at a single height level

(typically 1.5 m above the ground). Thermal and epithermal neutrons are both sensitive to hydrogen, but are characterized

by very different physical properties resulting in unigue responses to environmental settings and conditions at the immediate

ground-atmosphere interface. For this reatftermal and epithermal neutron intengitpfiles-efat multiple height levels

above the ground surface are considered in this study.

The study is conducted atforestreundarayerfield sitasingthermal and epithermal neutromeasurements from
i i i i i e-ebtained from

rmeasurements-usil@re and moderated detectors constrained with dimmefactor models (Andreasen et al., 2p16
Medeling-is-based-on) and modeling usthg recognized and widely usedutron Monte Carlo N-Particteansportredel
MENP6code (MCNPJPelowitz, 2013).

Neutron transport modeling of specific sites is limited and has only been performed for non-vegetated field sites (Franz et
al.,2061432013bAndreasen et al., 2016). In this context, forésssare especially complex to conceptualize as the number

of free parameters igeryrelativelyhigh (e.g. biomass, litter, soil chemlstry, intgaen and the structure of the foredt).
this-studyHerewefirst focus onmodellnga ensiti

fofeisefield siteFFhisThemodel is developed

from measured soil and vegetation parameters at the specific locality. The modeled neutron intensity profiles are evaluated
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against profile measurements on two different dates separated by five months, and also against time-series of neutron
intensity measurements at two heigld i il i i i Aopy

H%e#eep&en—and—@emass—lﬂaddMen—measu#ementsFollowmq the forests environmental impact on thermal and epithermal

neutron intensities are identified and quantified by applying a sensitivity analysis based on the model representative of the

forest field site. In addition to improving the understanding of the environmental effect on neutron transport the focus is also

on examining the potential of detecting intermediate scale canopy interception and biomass from cosmic-ray neutrons.

Measurementat an agricultural field site with no biomass ahd aeather field site with a smaller amount of biomass are
used to underpin thessessment.influence of certain environmental viesale.qg., biomass, litter layefljo our knowledge
this is the first study which provides a quantitative analysis of the potential of using the cosmic ray technique for estimation

of interception and biomass.
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3.2. Method

3.1.2.1. Terminology
The energy of a neutron determines the probability of the neutron interacting with other elements and the type of interaction
(i.e. absorbing or scattering). Overall, an important threshold for the behavior of low energy neutrons is present at energies
somewhere below 0.5 eft-eV.-=1.6x10"-3).. The specific energy ranges of thermal, epithermdlfast neutrons are
ambiguous. The following terminology for neutron energies is used for the purpose of this paper:

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

- Fast: Energy range 10 - 1000 eV.

When modeling neutron transport for hydrological applications it is common to consider fast energy ranges (10 — 100 eV or
10 — 1000=ve)) (Desilets et al., 2010; 2013; Rosolem et al., 26t8nz et al.26132013bKohli et al., 2015), while
measurements using standard soil moisture neutron dete@étarsbestrepresentis sensitivethe entire epithermal

energy range (Andreasen et al., 20 B&jspite-this-fact-we-willuseHerthe term epithermaleutrons will be usefbr both

measurecheutrons of energies above 0.5 &wl modeleénergy-rangesneutrons of energies 10 — 1000,eV. | _ - { Formatted: Font: Times New Roman,

10 pt

2.2.2.2. Cosmic-ray neutron detection

3.2.4.2.2.1. Equipment
Cosmic-ray neutron intensity was measured using the CR1000/B system from Hydroinnova LLC, Albuquerque, New
Mexico. The system has two detectors that consist of tubes filled with boron-10 (enriched to 96%) triff&fFigle (
proportional gas. The neutron detection relies ort %@ ) Li reaction for converting thermal neutrons into charged
particles ¢) and then into an electronic signal. One detector is unshielded (bare detector), while the other is shielded by 25
mm of high-density polyethylene (moderated detector). These different configurations give the bare and moderated tubes

different energy sensitivities.

The thermal neutron absorption cross-sectiotfiis very high (3835 barns) (Sears et al., 1992). This absorption cross-
section decreases rapidly with increasing neutron energy following® I (where Eis neutron energy) (Knoll 2010).
Therefore, the energies measured by the bare tube comprise a continuous distribution which is heavily weighted toward
thermal neutrons (<0.5 eV), with a small proportion of epithermal neutrons also being detected (<10%) (Andreasen et al.,
2016).

The moderated detector is more sensitive to higher neutron energies (> 0.5 eV). The purpose of the polyethylene is to slow
(moderate) epithermal neutrons through interactions with hydrogen in order to increase the probability of them being
captured by°B in the detector. At the same time the polyethylene attenuates the thermal neutron flux through neutron
capture by hydrogen. Nonetheless, a large proportion (approximately 40% of the thermal neutrons detected by the bare

detector) originates from below 0.5 eV (Andreasen et al., 2016).

Page 9 of 54

70



10

15

20

25

30

Obeying Poissonian statistics (Knoll 2010) the measurement uncertainty of a given neutron intensity, N, decreases with

increasing neutron intensity and the standard deviation eqfials N

The measured neutron intensities are corrected for variations in barometric pressure, atmospheric water vapor and incoming
cosmic-ray intensity following procedures of Zreda et al. (2012) and Rosolem et al. (2013). Unfortunately, the water vapor
correction of Rosolem et al. (2013) is only validfast-andepithermal neutron measurements. Since the develupof

correction methods is beyond the scope of this study, we refrained from using a vapor correction for the measured thermal
neutron intensities. We believe that this missing correction will only have a minor effect on our f@sditsasen et al.,
2016).Nevertheless, we suggest that future studies shovddtigate the effect of water vapor on thermal neutron

intensities and to develop appropriate correction methods.

2.22.2.2.2. Purethermal and epithermal neutron detection
We expect thermal and epithermal neutrons to have unigue responses to environmental properties and settings. Therefore, it

is important to consider pure signals of thermal and epithermal neutrons, and not simply the raw neutron intensity signal

measured by the bare and moderated detedhoosder to limit the epithermal and thermal neutcontribution to the bare

and the moderated detectors, respectively, we use the cadmium-difference method (Knoll, 2010; Glasstone and Edlund,
1952). The thermal absorption cross-section of cadmium is very high (approximately 3500 barns) for neutron energies
below 0.5 eV. The cross-section drops to approximatelp#&.5s at neutron energy 0.5 eV and remains low iwitteasing

neutron energies. Thus, a cadmium shielded neutron detector only measures neutrons of energies higher than 0.5 eV. The
epithermal neutron intensity was measured from a cadmium shielded moderated detector, while the thermal neutron
intensity was calculated by subtracting the neutron intensity measured by the cadmium-shielded bare detector from the
neutron intensity measured by the bare detector (unshielded). The cadmium-difference method is described in Andreasen et
al. (2016) in detail.

Appropriateneutron energgorrectionfactermodels were applied in order to obtain pure theamdl pure epithermal

neutron intensity measurements for the time periods when the cadmium-difference method was not applied (Andreasen et
al., 2016). Thexneutron energgorrectionfactorsmodelwere obtained from field campaigns applying thenciadh-

difference method on bare and moderated detectors at various locations (height levels and land covers). The determination

of theneutron energgorrection models was based on the relationshipseafsurements from unshielded and shielded

neutron detectors (Andreasen et al., 2Q16). - { Formatted: Font: Times New Roman,

10 pt

very-different.The footprint of the bare detector is unexplainekilerthe footprint of the moderated detector was

determined from modeling by Desilets and Zreda (2013) and Kohli et al. (2015). However the findings of these two studies
were inconsistent. Desilets and Zreda (2013) used the neutron transport code Monte Carlo N-Particle eXtended (MCNPXx)
and found the footprint to be nearly 600 m in diameter in dry air, while Kohli et al. (2015) using the Ultra Rapid Adaptable

Neutron-Only Simulation (URANOS) estimated the footprint to be 260 — 480 m in diameter depending on the air humidity,
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soil moisture and vegetation. The potential mismatch in the footprint of the bare and the moderated detectors is a concern

when combining the neutron intensity measuremémisii

the field sites are fairly homogeneausd although the footprint might be different &8st approximation we assume the

neutron intensity measured using the bare and the moderated detector are comparable

3.24.2.2.4. Field measurements

Three field sites are used in this study; the primary site is Gludsted Plantation, and two secondary sites are Voulund
Farmland and Harrild Heathlan@he sites located within the Skjern River Catchnieiihe Western part of Denmark

represents the three major land use types (Figure 1) and are all part of the Danish hydrological observatory (HOBE) (Jensen
and lllangasekare, 201The sites are situated at an elevation of approxin&0 - 60 m above sea level on an outwash

plain from the last glaciation composed of nutrient depleted sandy stratified soils. Harrild Heathland is located 1 km south

of Voulund Farmland, both approximately 10 km west of Gludsted Plantation.

lantation covering an

area of around 3500 ha. The trees of the plantation are densely planted in rows and are in general composed of Norway
spruce with small patches of Sitka spruce, Larch and Douglas fir. Within the field site area (38 ha) the trees were estimated
to be up to 25 m high and the dry above-ground biomass to be around 100446 t/ha (one standard deviation) using LIDAR
images from 2006 and 2007 (Nord-Larsen and Schumacher, Z0Eiry below-ground biomass was calculated to be 25

t/ha using a root-to-shoot ratio (the weight of the roots to the weight of the aerial part of tfer tkeryvay spruce of 0.25

(Levy et al., 2004)Information on the vegetation at the forest fiele ¢e.9. tree species, ages, heights and trunk diameters)

is acquired from a reqgister managed by The Danish Nature Agency (representative of the 2012 conditions); see Table 2.

.

In Scandinavian forests around 79% of the total above-ground biomass of Norway spruce is stored within the tree trunks.
The remaining 21% is found in the branches and needles (téolteagt). A typical density of the tree trunk is 0.83 gfcm

(Serup et al., 2002). The major component of the tree biomass is cellulblsgd4f and represents around 55% of the total

mass, while the remaining 45% is vegetation water (Serup et al., 2002). Based on these approximations, the wet above- and
below-ground biomass at the field site area are estimated to be 182 t/ha and 45 t/ha, respectively. With a leaf area index
(LAI) of 4.5 and a canopy interception capacity coefficient of 0.5 mm/LAI (Andreasen et al., 2013) the maximum storage of
canopy intercepted rain is estimated to be 2.25 mm.

Soil samples were collected within the footprint of the cosmic-ray neutron detector on August 26 — 27, 2013 following the
procedure of Franz et al. (2012). Based on these samples the organic rich litter layer is found to be 5 - 10 cm thick. The dry
bulk density of the litter and mineral layer are calculated by oven drying the soil samples (Table 2), and the soil organic
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matter content of the mineral soil is determined from the loss-on-ignition method (16.9% in 10 - 20 cm depth and 7.6% in

20 - 30 cm depth). A time series of soil moisture is calculated from cosmic-ray neutron intensity, starting in spring, 2013,
using the lymethod as presented in Desilets et al. (2010). Lastly, the chemical composition of the soil matrix is estimated

for two random soil samples collected at 20-25 cm depth using-thg fluorescencéXRF) analysis (Table 3).
Table 3isinserted here

The element Gadolinium (Gd) can have a significant impact on thermal neutron intensity even at low concentrations due to
its very high absorption cross-section of 49000 barns (1 barit*cif)). The detection limit of the XRF in this study is 50

ppm for gadolinium (Gd). The two soil samples from Gludsted Plantation both have Gd concentration below the detection

limit of the XRF. Inductively coupled plasma mass spectrometry (ICP-MS) detects metals and several non-metals at very

small concentrations and was used to characterize the soil chemistry of a nearby field site with similar soil conditions
(Salminen et al., 2005). A Gd concentration of 0.51 ppm was found at that site and we assume this value to be

representative of the conditions at Gludsted Plantation.

Gludsted Plantation is a heavily equipped research field site with a 38-m high tower for measurements at multiple heights
within the forest canopyAt Gludsted Plantation, CR1000/B systems were ilestalt ground level (1.5 m height) and

canopy level (27.5 m height) in the spring of 2013. Hourly neutron intensities have been continuously detected (Andreasen
et al., 2016) except for short periods where the detectors were used for other types of measurements or during times of
malfunctions. Neutron intensity profiles extending from the ground surface to 35-m-height above the ground were measured
at approximately 5 m-increments during two field campaigns on November 28 — 29, 2013 and March 12 - 14, 2014 at

Gludsted PlantatiorPuringln order to obtain comparability between measients and modeling pure thermal and

epithermal neutron signals were estimated using neutron energy correction models on measurements from bare and

moderated detectors, respectively. The neutron energy correction models were both used on time-series and neutron height

profile measurements. Additionally, durithie field campaign on March 12 -14, 2014 an epittaéneutron intensity

profile (with no thermal contribution) was measured using a cadmium-shielded moderated detector (Andreasen et al., 2016).
For the profile measurements neutron intensities were recorded at a 10-minute time resolution. As the thermal neutron
intensity decreases significantly with height we choose to extend the time of measurement with the height level increments
to maintain a low and consistent measurement uncertainty. The volumetric soil moisture content measured using the

cosmic-ray neutron method (Zreda et al., 2008) was 0.18 during both field campaigns.

Voulund Farmland (56°02'14"N 9°09'38"E) is an a

After harvest in the late summer until ploughing in spring 2016 (prior to sowing) the fields were covered with stubble

timal field site. In 2015, the fields were cropped with spring barley.

(around 10 cm high). A 25 cm layer of relatively organic rich soil (4.45% soil organic matter) is found at the top of the soil

column and is a result of the cultivation practices. More information about the field site can be found in Andreasen et al.
(2016).Ground level neutron intensities were measured @teS®er 22 and 23, 2015 at Voulund Farmland (Andreasen et

al., 2016). The measurements were conducted using the bare and the moderated neutron detectors normally installed at
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Gludsted Plantation and data were logged every 10 mirotesder to obtain pure thermal and epithermal regukreight

profiles the neutron energy correction models were applied.

Harrild Heathland (56°01'33"N 9°09'29"E) is a shrub land field site dominated by grasses and heather. The heathfand 1'3{ Formatted: Normal

maintained by controlled burning, yet, the field site area has not recently beermhearatganic rich litter layer is found to

be around 10 cm thick during soil sampling field campaigns at the field site. Due to podsolization a low permeable hardpan-

layer hindering percolation to deeper depths is present at around 25-30 cnindthgtiperiod from October 27 to

November 16, 2015 the ground level thermal and epithermal neutron intensity was measured directly at Harrild Heathland
using the cadmium-difference method (Knoll, 2010). The cadmium-difference method was applied using two bare and one
moderated detector normally installed at Gludsted Plantation. The neutron intensity was integrated and recorded on an

oulund-Farmland-and-HarrildHHead-wi i i i he-effect of

hourly basisFhe-me

} } : tensity.
3:3.2.3._Neutron transport modeling
The three-dimensional Monte Carlo N-Particle transport code version 6 (MCNP6) (Pelowitz, 2013) simulating thermal and
epithermal neutrons is used to model the fdiie&t site. The code holds libraries of measured abseorptia scattering
cross-sections used to compute the probability of interactions between earth elements and neutrons. The MCNP6 combines
Monte Carlo N-Particle Transport code version 5 (MCNP5) and Monte Carlo N-Particle Extended Radiation Transport code
(MCNPX). MCNPX has been used for most neutron transport modeling within the field of hydrology (Desilets et al., 2013;
Rosolem et al., 2013; Zweck et al., 2013). However, the improved and more advanced MCNP6 has recently been introduced

and provided more realistic neutron intensity profiles for Voulund Farmland field site (Andreasen et al., 2016).

The number of particle histories released at the center of the upper boundary of the model domain is specified to obtain an
uncertainty below 1%. The released particles represent a distribution of high-energy patrticles typical for the spectrum of
incoming cosmic-rays traveling through the atmosphere. The modeled neutron intensities are normalized per unit source
particle providing relative values (Zweck et al., 2013). In order to obtain values comparable to measurements conversion
factors are used (Andreasen et al., 2016). The conversion factors 3.73thd.0.601x18 are multiplied by the modeled

thermal neutron fluences in the energy range of 0 — 0.5 eV and epithermal neutron fluences in the energy range 10 — 1000
eV, respectively. We stress that, the conversion factors are detector-specific as well as dependent on the horizontal area of
the modelsetup in MCNP6. The dependence of the environmsattihgs is at this point in time unclear and should be

addressed in future studies.

3:3:4:2.3.1. TheGludsted Plantation reference model
The model domain of MCNP&6 is defined by cells of varying geometry, and each cell is assigned a specific chemical

composition and density. The lowest 4 m of the Gludsted Plantation reference model consists of subsurface layers. The
chemical composition of the mineral soil is prescribed according to the chemical composition from XRF measurements;
assumed Gd concentration of 0.51 ppm, wet below-ground biomass (cellulose) of 45 t/ha, dry bulk density of*.09 g/cm
and soil moisture content of 0.18. The litter layer is defined according to the chemical composition of cellulose, dry bulk
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density of 0.34 g/cthand moisture content similar to that of mineral soil (see also Table 3). The same soil moisture was

used for the whole soil column, as the soil moisture profile was unknown for the days of neutron profile measurements, and
furthermore we wanted to test the signal of soil moisture. The atmosphere is composed of 79% nitrogen and 21% oxygen by
volume and extends from the forest canopy surface to the upper boundary of the model dappaivxabhate\2 km

height. Here, an incoming spectrum adapted to the specific level of the atmosphere is specified (Hughes and Marsden,
1966). The density of air is assumed to be 0.001165°gMmitiple sublayers of varying vertical discretization cover the

vertical extent of the model in order to record neutron intensities at multiple heights and depths from the ground surface.
The resolution of the layers increases with proximity to the ground surface ranging in thickness from 0.025 m to 0.20 m for
the subsurface layers and from 1 m to 164 m for the layers above the ground surface. 1 m layers are used from the ground to
28 m height to enable neutron intensity to be modeled at the measured heights. The neutron intensity detectors are layers of
1 m height and extent the full lateral model domain (400 m x 400 m). Reflecting surfaces constrain the model domain. Thus,
the particles reaching a model boundary will be reflected specularly back into the model domain. Wet above-ground
biomass of 182 t/ha is distributed within the forest canopy layers extending from the ground surface to 25 m above the
ground (Table 4).

The proper way to conceptualize the forest canopy in the model-setup is not obvious and the sensitivity to forest

representation on neutron intensity is therefore investigated using four model-setups of increasing complexity. In the first

representation (Modéloliage Figure 2B) the same material composed of cellulose and air (foliage) is assigned all forest

canopy layers. In order to obtain a wet above-ground biomass of 182 t/ha a relatively low density of 0.0G189 g/cm

calculated for the materidh order to allow for a forest canopy layer to benposed of multiple materials (cellulose and

air) and densities (massive tree trunks and less dense foliage and air), the horizontal discretization of the forest canopy

layers is reduced to smaller cedls4-72-m-by-4-72-m-{Figure-2E).

for the next tree model-setupEhe bole of each tree fer all three model-setuprepresented by a cylinder with a diameter

of 0.14 m, a composition of cellulose, and a density of 0.83°g/&rree is placed at the center of each cell and extends

from the ground surface to the top of the forest canopy-taye+

second representation (Modetee trunk, Air Figure 2C) the horizontal discretization of the forest canopy layers isAset to

rely, typical of

eference model

B)—In the first

eneous layer
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he de andby 4.20 m and the remaining

volume beyond the bole of the tree is made of air alone (density 0.00116%. §lerfihus, forthis model all biomass is

stored in the bole of the trees and the cell size is adjusted to obtain a wet above-ground biomass of 182 t/ha resulting in

9070 trees within the model domain. In the third representte

notincluded-in-the-description-of- the-forest canopy-lafdixlel Tree trunk, FoliageFigure 20—Here;-the-celHs-divided
between) the horizontal discretization of the forest canopy layers is 4.72 m by 4.72 m and the remaining voluntieebeyond

bole of the tre@ndis made ofoliage.As previously described, the share of biomass storéte tree trunk and the foliage

is 79% and 21%, respectively, typical of Norway sprite foliage material isompeseda composit# cellulose and ajr
and theiotatdensityof the-materials the sum of the two0(001318 g/crh). A total of 7182 trees are evenly spaced within

the model domairiThedensity-of-the-foliage-in fourth and most compleseft canopy conceptualizatidM@del Tree

trunk, Foliage Figure 2E)is smallerthanforequal tihereference-modelasModElee trunk, Foliageexcept that air is

also included inthevelumedescriptiorof thefoliage-is-targerforest canopy layeand the densityf the foliageis
redueedincreasen obtain the same above-ground biomass as fathiee modelsThe foliage is specified as a 1.7 m thick

band around the tree cylinder and the density of foliage material composted of air and cellulose is 0.08151 g/cm

Table4 and Figure 2 areinserted here

2.3.2. itivi vironmental condition

Thereference-modeHs-used-to-test demsitivity ofthe-medeledhermal and epithermal neutron intensities to soil
moisture is examined using modelin§he soil moisture in th€ludsted Plantatioreference model is specified to 0.18 and

both drier and wetter soils are modeled to test the sensitivity, i.e. 0.05, 0.10, 0.25, 0.35 aHek0s45e-soil-moisture
range-is-modeled-usingBothe ModeH-oliageforest canopyonceptualizatiomf ModelTree trunk, Foliage, Aiand the

Model Foliage are used

- { Formatted: Font: Bold, Highlight

)

tn-addition-to-hydrogen-theThhermal and epithermal neutron intensitglisobotha product othehydrogen abundance as
well aselemental compositieand-density-of the-seil-matrix—The. The Gludst&hfationreference modehcluding a

complex forest conceptualizatigModel Tree trunk, Foliage, Air)s used to test the sensitivity ile-modeledhermal and

epithermal neutron intensities to soil chemistry. Tiedsted Plantatioreference model holds the most complex soil

chemistry fourth order complexifywith multiple subsurface layers composed of measured concentrations of major - {Formatted: Font: Italic

elements determined by XRF, soil organic matter, gadolinium and roots (TaBlee33omponentis-excluded-atatimeln

orderto test the effect of simplifying the soil chemystr component is excluded one at the ti)ghird order complexity - {Formatted: Font: Italic

soil organic matter is excluded, @cond order complexitgoil organic matter and roots are excludedir8jorder L == { Formatted: Font: Italic

complexity soil organic matter, roots and gadolinium are excluded, gpdré)SiQ; all other components are excluded. - ‘[Formatted: Font: Italic
o ‘[Formatted: Font: Italic
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The sensitivity of the modeled thermal and epithermal neutron intensities to the presence of the organic litter layer is
investigated using théludsted Plantatioreference modelncluding a complex forest conceptualization (MoBee
trunk, Foliage, Air) in which the thickness of the litter layer is sebe 10.0 cm. Sensitivity simulations are carried out for

the following thicknesses of the litter layer: 0.0 cm, 2.5 cm, 5.0 cm and 7.5 cm. For all litter layer models, the total thickness

of the subsurface is kept constant at 4 m.

The materials of forest floor litter and mineral soil differ distinctly in terms of chemical composition and dry bulk density.

The determination of dry bulk density of the two materials is characterized by measurement uncertainty, especially for the

litter as sampling and drying is very challenging for materials including large amounts of soil organic matter (O'Kelly,
2004). Given that the elemental composition and density of the soil matrix is relevant for the neutron intensity the
sensitivity of dry bulk density on thermal and epithermal neutron intensity is examined. The dry bulk density of the
Gludsted Plantatioreference model is set to 0.34 gfdior the litter layer and 1.09 g/crfor the mineral soil. Th&ludsted
Plantationreference modehcluding the complex forest conceptualization (Mbtree trunk, Foliage, Air)s used to test

the sensitivity applying four scenarios: 1) higher dry bulk density of the litter layer (0.58),g@3migher dry bulk density
of the mineral soil (1.60 g/c 3) lower dry bulk density of the litter layer (0.20 g&¥pand 4) lower dry bulk density of
the mineral soil (0.60 g/cth All values with the exception of higher dry bulk density of 1.60 gfumthe mineral soil
(standard value for quartz; soil particle density of 2.66 gama a porosity of 0.40) are within the range of the

measurements (see Table 2).

The Gludsted Plantatioreference modehcluding the complex forest conceptualizat{iodel Tree trunk, Foliage, Air)s
used to test the sensitivity to canopy interception by increasing the density and water content of the cells described by
foliage material. The forest canopy of the reference model is dry (foliage material density 0.00hlmyfder to test

the effect, water equivalent to 1 mm (foliage material density 0.0015%)g2mm (foliage material density 0.00159

g/cnt) and 4 mm (foliage material density 0.00167 dicafi canopy interception is added to the foliage volume.

The sensitivity to biomass is investigated using®hedsted Plantatioreference modelith the complex forest
conceptualizatiofiModel Tree trunk, Foliage, Alras-well-as-aand trsimplified model-setup (Modéloliage). The

biomass of th&ludsted Plantatioreference model is equivalent to a dry above-grdiiachass of 100 t/ha and a dry
below-ground biomass of 25 t/ha, following the root-to-shoot ratio of 0.25 typical of Norway spruce. This distribution is

used for bottmedelsmodel setupFor the sensitivity analysis one model withoutetagion (ModeD t/ha Figure 2A) and

three models with different amounts of biomass are used (see Table 4). The forest canopy layer extending uniformly from

the ground to 25 m above the ground surface is for the model with no vegetation assigned with the material composition and
density of air. The amount of biomass modeled for the three remaining models is equivalent to a dry above-ground biomass
of: 1) 50 t/ha, 2) 200 t/ha, and 3) 400 t/ha. The size of the cells in the forest layers and the density of the foliage material are

adjusted in order to obtain the correct amount of biomass.
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4.3. Results and discussions

3.1. Gludsted Plantation

4.3 ——Thereference
Neutronneutrorintensity profilefor Gludsted Plantation araodeledwith-the-Gludsted-Plantationreferenceusing four
different forest canopy conceptualizations. Tinedelresultsare presented in Fig; 8long with time-series of hourly and

daily ranges of thermal and epithermal neutron intensities collected at the Gludsted Plantation during the period 2013-2015,
and measured/estimated thermal and epithermal neutron intensity profiles (November 2013 and March 2014). Following the
Poissonian statistics the relative uncertainty decreases with increasing neutron intensity. The relative measurement
uncertainty is thereforewerhigherfor the hourly time series data than for the mindtisrly (2-12 hr) and daily

measurementgAccordingly, we choose to rely mostly dhetime-seriesneasurementsre-included-in-all, as the

measurement uncertainty is lower than forneatronprefile-figures--e—Figs—4—12-to-enable-conmgamheight profiles

Figure 3isinserted here

We-cheose-torely-mestly-enthe Overtithe-seriesand profilemeasurementss provide similar results in agreement with
theory. The thermal neutron intensity decreases considerable with height above ground surface and is at canopy level

reduced by around 50% compared to at the ground level. The epithermal neutron intensity increases slightly with height and

is around 10-15% higher tiereutren canopy level compared to the ground levdl, Ssme differences are observed
between the neutron heigbrtofiles are-very-different-despite-of-similar measured ivéober 2013 and March 2014. The

soil moisturewvas similarduring the time of neutron profile detectiofhe-different-neutron-profiles-may and we expected
the differences tbe a result of different climate and weather caooué related to the seasons of detections (spring and

fall). Furthermore, although the area average soil moisture is the same for the two field campaigns the soil moisture profiles
may be different resulting in different neutron profile slopes and thermal-to-epithermal riglafrmatios. In particular, the
assumption of identical soil moisture of the litter layer and the mineral soil may be inappropriate as this was not the case
during two out of three soil sampling field campaigns where the results differed considerably (soil samples were collected at
18 locations within a circle of 200 m in radius and in 6 depths from 0-30 cm depth following the procedure of Franz et al.
(2012)). However, both neutron profiles are within the ranges of the daily time-series measurements and we therefore still

believe that they can be used in the assessment of the modeled neutron profiles. For future studies we recommend soil

sample field campaigns to be conducted on the days of neutron profile measurements. | - { Formatted: Font color: Red

AOverall, aremarkable agreement between measured and modrladmintensities is seen in Fig. 3. We stress that no

calibration of the governing physical properties in the forest model is performed and that the estimates are based on
i i } } i both

d epithermal

measured properties

neutron-profile-isThe ground and canopy level thermal and epithermal neutron intensity for the four forest canopy

conceptualization models are provided in Tablesk
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All modeled neutron intensity profiles are within the range of hourly time-series measurements, and in particular the

thermal neutron profiles are agreement with measuremer@sverall, the models of the more complex forest cgnop
conceptualizations, including a tree trunk, provide similar thermal and epithermal neutron prafileted-satisfactorily.

The ground and canopy level thermal neutron intensity of models with forest canopy conceptualization @t&éonlehk,
Foliageand ModelTree trunk, Foliage, Aiare within the daily ranges of the time-series measureniertsntrast, the

modeled epithermal neutron profiles of the more complex modefgightly underestimated and the profile slope éeper

than the measured profiles. Nevertheless, the modeled epithermal neutron intensity profile is still within the ranges of the

time-series of hourly measurements at both height le

est canopy

—=rbélagutron intensity
profiles of the simpler forest canopy conceptualization of MBdéhgeis less steep and is the only model providing an
epithermal neutron intensity profile within the daily ranges of the time-series measurements at both the ground and canopy

level.

he ground

Table5isinserted here

The most appropriate forest canopy conceptualization is not obvious frordfig-Fable-5as the best fit of the thermal
measurements is found using a complex conceptualization, while the more simple foliage conceptualization matches the

epithermal measurements better. We can, however, conclude that the neutron transport at the ground-atmosphere interface is

highly-sensitive to the level of complexity of the foreahopy conceptualizatioferimproved comparability to

measurements may be obtained by advanitiegphewing-analy Fe—rae eranlm el s el ihe

irfgriest canopy conceptualizati

Currently, one tree is defined and repeated throughout the model domain. The trees are placed in even rows and the same

settings are applied from the ground surface to 25 m height. In order to advance the forest canopy conceptualization, trees of

different heights and diameters could be included, and the placement of the trees could be more according to the actual
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placement of trees at the forest field site. Additionally, variability in tree trunk diameter, foliage density and volume with

height above the ground surface could be implemented.

Here, a sensitivity analysis is perform using the most complex model and occasionally the simplest forest canopy

conceptualization to examine the effect of soil moisture, soil dry bulk density and composition, litter and mineral soil layer

thickness, canopy interception and biomass on the thermal and epithermal neutron transport at the immediate ground-

atmosphere interface.

3.2. Soil moisture
The modeled thermal and epithermal neutron intensity profiléseebludsted-Plantatiareferenee-medi®odel Tree trunk,

Foliage, Airand ModeFoliage using six different soil moistures, 0.05, 0.10, 0.18, 0.25, 0.35 and 0.45, are presented in
Figs.5-and-6,+espectively. 4 and 5, respectively. TdEneomparison the measurements included in Fig. 3 are also
included in Figs. 4 and 5. The sensitivity of soil moisture on thermal and epithermal neutron intensities at the ground and

canopy level relative to the ModE&iee trunk, FoliageAir and ModelFoliage at reference conditions (soil moisture 0.18) is

provided in Table 6.

Figure5-and4, Figure5 and Table 6 areinserted here

As expected, the thermal and epithermal neutron intensity is s@eblm 6,Figs.54 andé65 to decrease with increasing

soil moisture. For both model-setups, the largest changes in neutron intensity occur at the dry end of the soil moisture range
and for the epithermal neutrofsee-alse-Fable 5)-orthe-reference-medelModeétee trunk, Foliage, Ai(Figure54), only

a minor decrease in the sensitivity of soil moisture on epithermal neutron intensity is observed going from ground level to

canopy level (approximately 15% reduction in intensity range corresponding to a soil moisture change of 0.40). On the
other hand, the sensitivity of the thermal neutron intensity is reduced more than 50%€J adst likely caused by the

lower mean-free path length of the thermal neutrons compared to that of epithermal neutrons. The response to soil moisture
is similar for the model with a simple forest canopy conceptualization (Régiirélowever, both thermal and epithermal

neutron intensities are found to be slightly more sensitivity to soil moistereron intensity at dry and wet soil conditions

is represented by the range of time-series neutron intensity measurements. Overall, the modeled neutron intensities are

within the measurement range and the more appropriate model-setup for Gludsted Plantation is not obvious from the

modeling results. | - {Formatted: Font color: Auto

4-3:3.3. Subsurface properties
Thermal and epithermal neutron intensity profdesmodeled usinghe-reference-medelModeétee trunk, Foliage, Air

(with fourth order complexifyand models of decreasingly complex sibristry-are-presented-inFig. 7.

Fhe-effectof-varying . Soil organic matter, below-ground biomass, Gd and the chemical composition from XRF

measurements are excluded onthatime (fromthird to first order complexityand the final model includes a simple silica
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i@i0,). The exact
sensitivity ofexcludingthe different componen e
stmple-seilehemistry-ef-Sigron ground and canopy level thermal and epithermatkae intensity is quantified in Table
56 (see values in parentheses). Only the removalibbsganic mattelthird order complexitychanges the neutron
intensity significantlyat Gludsted Plantatiome. an increase in the ground level thermal githermal neutron intensity of
19 cts/hr(cts = countsand 25 cts/hr, respectively, is observed. The Beitgito soil chemistry on thermal and epithermal

neutron intensity profiles was found to#meichmore substantial at Voulund Farmland (Andreaseh,e2@L6). The soil

organic matter content at Voulund Farmland is smaller and the soil chemistry is, except from a few elements (added in
relation to farming activities; spreading of manure and agricultural lime), similar to Gludsted Plantation. Modelling shows
that the sensitivity to soil chemistry at Gludsted Plantation is dampened by the considerable amount of hydrogen present in

the forest biomass and the litter at the forest floor (not presented here).

n-Fig—8-theThehermal and epithermal neutron intengitpfilesismodeled for a forest with litter layer of various
thicknessesre-presented—The-Gludsted-Plantationreferencelmdih(Figure 6A). The ModeTlree trunk, Foliage, Air

includinga 10.0 cm thick litter layer is used along withefstrmodels with litter layers of 0.0 cm, 2.5 cm, 5.0 cm and 7.5 cm
thickness.

Figure 86 isinserted here

Neutron intensities are found to decrease with an increasing layer of litter, having the greatest impact on the epithermal
neutron intensitiegsee also Table 6The considerable amount of hydrogen in litter cauBe probability of scattering of
neutrons travelling through the subsurface to increase with increasing amounts of litter. Thetebysrthieto-epithermal
nReutrop-ntensity-ratiot/is found to be altered when changing the thickoésse litter layer. This effect is most

pronounced when the model without a litter layer is compared to the model with just a thin 2.5 cm thick litteetagero

rd models of

Fhe-modified-bulk-densities-of-itter-and-mineral soil. Additionally, the sensitivity to litter and mineral soils dry bulk density

on neutron intensity is examined as a considerable range of values is measured within the footprint of the neutron detector

(see Table 2). Models including higher litter layer (0.50 &cand mineral soil dry bulk density (1.60 g ¢has well as

mineral soil. Conversely, higher neutron intensities are computed by decreadingttensity-of-the-litter-material-and h ‘[ Formatted: Font color: Auto

o L L
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inereasing-the-bulk-density-of- the-mineral-sei—Thus; heredry bulk density of the litter material and increasing the dry bulk

density of the mineral soil. The production rate of low-energy neutrons (<1 MeV) per incident high-energy neutron is higher

for interactions with elements of higher atomic mas& (&here A is the atomic mass) (Zreda et al., 2012). Heavier

elements are in particular found in mineral soil and an increase in the dry bulk density entails a higher production rate and

therefore higher neutron intensity. The concentration of hydrogen is increased with an increased dry bulk density of litter

material resulting in a greater moderation and absorption of neutrons, and as a consequence lower neutron intensities. To

summarizgthe mineral soil acts as a producer of thermalegithermal neutrons, while the litter acts as an absprber. - { Formatted: Font color: Auto
o Formatted: Font: Times New Roman,
4.4.3.4. Canopy interception 10 pt

|
|

TFheThe effect of canopy interception thermal and epithermal neutron intengitgfilesismodeledoy-the-Gludsted

- { Formatted: Font: Not Bold, Not Italic ]

6B and Table 6)Except for a slight increase in ground level thermaltron intensities with wetting of the forest canopy,
no effect of canopy interception gnound and canopy level thermal and epithemeaitron intensity is observes-Fig—1Q

A maximum change of approximately 3% (15 cts/hr) is observed for thermal neutron intensity at ground level going from a
dry canopy to 4 mm of canopy interception. At the specific field site a maximum canopy storage capacity of 2.25 mm is
expected, producing a change in observed ground level thermal neutron intensity of approximately 7 cts/hr. Given an
average neutron intensity of 504 cts/hr of ground level thermal neutrons with the installed detectors, an uncertainty of 22
cts/hr is expected based solely on Poissonian statistics. In order to obtain a signal-to-noise ratio of 1, either an 11-hour-
integration time or 11 detectors similar to the installed are needed. However, longer integration times are not appropriate
when considering Gludsted Plantation as the return time of canopy interception (cycling between precipitation and

evaporation) often is short (half-hourly to hourly time resolution).

Although detection of canopy interception at Gludsted Plantation is unfavorable it may still be possible at more appropriate
leeationsconditionsCanopy interception modeling as described abotreeigfore also performed for soil moisture 0.05,

0.10, 0.25 and 0.40. Ground leviebrmal-to-epithermal-neutronratiost/e rasfche 20 model combinations are plotted

against ground level thermal neutron intensity, ground level epithermal neutron intensity and volumetric soil moisture

(Figure117). We choose not to includeeasurementmeasuremeinighe figureas-we-from-the-caleulation-in-the-previous
section-foundbecauthe measurement uncertainty at a relevant integraitnete-beisgreater than the signal of canopy

interception.
Eigure7isin her
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Overall, ground levethermal-to-epithermalneutrontratio is found to be independent of ground levehtial neutron

intensity (Figuret+A7A), ground level epithermal neutron intensity (Figi#€37B) and volumetric soil moisture (Figure

11€70Q. Ground levethermal-to-epithermalneutrontfatio is found to increase with increasing canoygrception. The

ground levethermal-to-epithermalneutrontfatio for a dry canopy is on average 0.804, wihikedverage at 4 mm of

canopy interception is 0.836. Overall, the same increase in groundHerekl-to-epithermalneutrontfatio is obtained

per 1 mm additional canopy interception. Although the change itiethetio with wetting/drying of the forest canopy is

small the canopy interception may potentially be measured using cosmic-ray neutron intensity detectors at locations with: 1)
a high neutron intensity level (lower latitude and/or higher altitude, 2) more sensitive neutron detectors, and 3) greater
amounts of canopy interception with longer residence time (e.g. snow). We suggest future studies investigating the effect of

canopy interception on the neutron intensity signal to be performed at locations matching one or more of these criteria.

4.5.3.5. Biomass
The sensitivity to the amount of forest biomass on thermal and epithermal neutron igteriséusing the forest canopy
conceptualization of Modélree trunk, Foliage, Aifreference-modeind ModelFoliage are presented iRigs—12Fig. 6C
and13Fig 6D, respectively. The neutron intensitefiles-areigrovided for a scenario with no vegetatigme-Gludsted
Plantation-reference-model{modBlo-t/hg and models with biomass equivalent to dry abovexgidiomass of: 50 t/ha,
100 t/ha (Gludsted Plantatior?00 t/ha and 400 t/h&a-orderto-calculate-therelative-changes-listetidble 5-the-model

h-biom eauivalent to-100-t/ha drnvabove-around-biom with the same fore Ropy-conceptualization is used.

Forest biomass is seen to significantly alter the thermal and epithermal neutron iptesfigityboth with regards to the
differences between ground and canopy lexeltron intensityand ground levehermal-te-epithermal-neutron-intensityt/e
ratios (Figures26Cand36D). The direction and magnitude of these changefoaral to be rather different depending on
the two forest canopy conceptualizations. For the Mddes trunk, Foliage, Aithe increase in biomass results in an
increase in thermal neutron intengifgure-12A)while the epithermal neutron intensity decreaseguff€it2B).6C). The

neutron intensity depends on how many neutrons are produced, down-scattered to lower energies and absorbed. Including

biomass to a system increases the concentration of hydrogen and leads to reduced neutron intensity as the moderation and

absorption is intensified. Despite this, increased thermal neutron intensity is provided with greater amounts of forest

biomass. We hypothesize that forest biomass enhances the rate of moderation more than the rate of absorption. Thus higher

thermal neutron intensity is obtained as the number of thermal neutrons generated by the moderation of epithermal neutrons

exceeds the number of thermal neutrons absofflegdbehavior may be due to the large volume of air withie forest

canopy. The probability of thermal neutrons to interact with elements within this space is low as the density of air is low.

Theeffectat ground leveis almosteonstantthe samgp to an elevation of 20 m, but decreases shagdy the top of the
forest canopy (not presented here).

Increasing the biomass in the Modfelliage from 0 t/ha to 50 t/hgFigure136D) results in a considerable increase in
ground level thermal neutron intensity (136 cts/hrs, Tabjevhile at canopy level thermal neutron intensitglisiost
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unaltered. A further increase in biomass (>50 t/ha) decreases both ground and canopy level thermal neutronFtensities.
g } } of biomass

{Figtre-13A)The epithermal neutron intensity decreases at gr&aved and increase proportionally at canopy level with

increasing amounts of biomagsgure-13B).. The epithermal neutrons producetthénground escape to the air and are

moderated by the biomass, resulting in reduced epithermal neutron intensity with greater amounts of biomass. All models

provide in accordance to theory increasing epithermal neutron intensity with height, yet, the reduced steepness of the

neutron height profiles with added biomass is unexplained. Oppositely to Miegelrunk, Foliage, Airthe ground level

thermal neutron intensity decreases with added biomass. This may be due to the elemental concentration. Here, no space is

occupied by a material of very low elemental density and may lead to an increased absorption of thermal neutrons.

As shown in Figs4123, 6Cand136D the resulting thermal and epithermal neutron iritgmsofiles depend highly on the
chosen model-setup (forest conceptualization). At this stage, we cannot determine which conceptualization is more realistic,

and we therefore choose to use both conceptualizations in the further analysis.

velepithermal

610)
aturation) and the

ements are

ylevel thermal
igure 14C).
om O t/ha to

on-intensities are of
biomass value

canopy level

e-ground
igure 14F).
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is found to

he modeled

- The major

ween-the model with

anges in the
tomass (from 50
rd 40 cts/hr.

One-can-also-potentially-use-the-thermal-to-epithermalOverall, a positive correlation is found for the differences between

ground and canopy level neutron intensity (thermal and epithermal neutron energies) and the amount of biomass (Figures

6C and 6D, and Table 6). However, the Mcoliede trunk, Foliage, Aiand ModelFoliage provides different relationships,

and measurements and modeling are not fully in agreement. Alternatively, one can also potentially usdithat tilee

ground level to assess biomass. The advantage is that only one station is needed - and that at a convenient location. This

would also allow for surveys of biomass estimations to be conducted from mobile cosmic-ray neutron intensity detector

systems, e.g. installed in vehiclés

The measured and modeled ratios are again provided using both forest canopy conceptualization, Teeé/todek,

Foliage, Air(Figure168 and ModeFoliage (Figure179). The ratios are plotted against A) ground levetthal neutron
intensity, B) ground level epithermal neutron intensity, and C) soil moisture estimated usingniéhbd (Desilets et al.,
2010).Like-beforemeasurementsMeasuremanésprovided as daily averages, biweekly averagésia a total average of

the whole two-year-period.
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Figure 168 and Figure 179 areinserted here

The modeledhermal-te-epithermal ground level tatio increases with forest biomass (Figutés and+7)-—Fhe9). Drying
or wetting of soil change the thermal and epithermal neutron intensity proportionally aatide@reaccordinglyfound to

be independent of changes in the ground level thermal neutron intensity, the ground level epithermal neutron intensity and

volumetric soil moisture. However, this independence is not seen in the measurements, where the ground level epithermal

neutron intensity and soil moisture (Figufies

when using the

e-ir the ground

ass of 50

v-0.05 cts/hr.

within-the ratios-modeled-for biomass-of 50-t/ha—200-t/ha. 8C and 9C) in particular seem to impactEeetediddedel

FoliageinFig-17 the two-year-average-of the measured ratioesponds-to-approximately the-modeled-value-of 50 t/ha

er boundary of

epithe maltﬁeu{r{ Formatted: Normal

ratio-to-seil-meisture-changeFBhe discrepancy of measurements and modeling tmutelated to: 1) shortcomings in the
model setup, i.e. a need for an even more realistic forest conceptualization, and more detailed and up-to-date forest

information A model including a sufficient representation fué field site will provide neutron height profiles and t/e ratios

more representative of the real conditio2sdiscrepancy of measured and modeled energgsaagydiscussed in

Andreasen et al. (2016), and 3) unrepresentative biomass estimate. The 100 t/ha dry above-ground biomass was estimated
using LIDAR images from 2006 and 2007 and therefore not completely representative of the 2013-2015 conditions (because
of tree growth). Furthermore, the biomass estimate varied considerably within the image (standard deviation = 46 t/ha), and

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

Overall, for the ModeTree trunk, Foliage, Aiin Fig. 8, a remarkable agreement is seen when comparing the two-year-

average of the measured ratio with the modeled value of Gludsted Plantation (100 t/ha dry above-ground biomass, Figure

8). The biweekly averages of measurements are all within the ratios modeled for biomass of 50 t/ha -F20Qtha.

Model Foliagein Fig. The-groundlevel-thermal-to-epithermalneutron-inty® the measured ratio is in better agreement

with a lower biomass (50 t/ha dry above-ground biomass) and the biweekly averages of the measurements are much wider

exceeding both the lower and upper boundary of ratios provided by the models of 50 t/ha and 400 t/ha dry above-ground

biomass.
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A fairly proportional increase in the ground level t/e ratio with respect to greater amounts of biomass is found when using

Model Tree trunk, Foliage, AifFigure 10). Contrarily, when using Mod&bliage, a more uneven increase in the ratio with

increasing amounts of biomass is provided. A major increase in the ground level t/e ratio of around 0.22 appears from no

vegetation to a dry above-ground biomass of 50 t/ha. However, additional amounts of biomass only increase the ground

level t/e ratio slightly. With additional 350 t/ha biomass (from 50 t/ha to 400 t/ha dry above-ground biomass) the t/e ratio

increases by only 0.05 cts/hr.

Figure 10isinserted here

The modeled ground level t/e ratsocompared with two additional field sites closextludsted Plantation. The three field

sites have similar environmental settings (e.g. neutron intensity, soil chemistry), though different landidovgiferent

amounts of biomagstubble pasture and heathland).

At Voulund Farmland the ground leviblermal-to-epithermalt/matio was measured to be 0.53 and 0.58 on Septezaler

and September #2015, respectively. Only minor amounts of organic matter were present in the stubble and residual of
spring barley harvested in August 2015. Additionally, the ground teeehal-te-epithermalt/eatio was determined based

on modeling of bare ground and site specific soil chemistry measured at Voulund Farmland (Andreasen et al., 2016). The
modeled ratio was found to be 0.56 in agreement with the measured ratios. The ratio modeled based on the non-vegetated
conceptualization of Gludsted Plantation was slightly higher (0.60, see Figures 16 and 17). Here, a 10 cm thick litter layer
was included in the model. The sensitivity analysis on the effect of litter layer on neutron intensity (Figure 8 ab@) Table

implies that lowethermal-to-epithermal-neutron-intensitiesground lléfeeratiosare found at locations with a thin or no
litter layer.

The ground levethermal-to-epithermalnedtrontratio at the Harrild Heathland was measured to Gi6thg the period
October 27 to November 16 2015. The ratio is slightly higher than the non-vegetated model for Gludsted Pjatation
beth. Both field sites hava considerable layer of litteaindseme-ameunt-of the slightly higher t/e ratio relativ the non-

vegetated Gludsted Plantation may be dugidmass in the form of grasses, heather plants asidsarepresent athe
Harrild Heathland- } : } } : i
due-to-this-smallerameountof-biomabs Gludsted Plantation, the ratio is 0.73 for dbpee-ground biomass equivalent of

50 t/ha. Accordingly, the ratio measured at Harrild Heathland is somewhere in between the ratio modeled for a non-

vegetated field site and a field site with biomass equivalent to 50 t/ha dry above-ground biomass.

The modeled decrease in ground lebelmal-to-epithermalt/mtios with smaller amounts of biomass are in Viith the
measurements conducted at the three field sites of similar soil chemistry and dissimilar land covers in terms of litter and

vegetation.

Detecting the ground levétermal-te-epithermalneutrontfatio at locations of known biomass should be agdisfned to
test the suggested relationship obtained using the forest canopy conceptualization dfretieink, Foliage, Airwe
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recommend a detection system with higher sensitivity to be used when a location of low neutron intensity rates (like
Gludsted Plantation) is surveyed, unless long periods of measurements can be conducted at each measurement location.
This can be accomplished by using larger sensors, an array of several sensors and/or sensors that are more efficient, as is

done in roving surveys (Chrisman and Zreda, 2013; Franz et al., 2015).

5.4. Conclusion
The potential of applying the cosmic-ray neutron intensity method for other purposes than soil moisture detection was
explored using profile and time-series measurements of neutron intensities combined with neutron transport modeling. The

vegetation and subsurface layers of the forest model-setup were described by average measurements aadi@stimates

emarkaplteagreement-wa ound-for-measured-and-modeled-thermal-and-epithermalneutronintensity-profiles without

adjusting-parameters-and-variables—Fellewing, a. Four forest canopy conceptualizations of increasing complexity were

used. Without adjusting parameters and variables, modeled thermal and epithermal neutron intensity profiles compared

fairly well with measurements, yet, some deviations from measurements were observed for each of the four forest canopy

conceptualization models. The more appropriate forest canopy conceptualization was not obvious from the results as the

best fit to thermal neutron measurements was found using complex forest canopy conceptualization, including a tree trunk

and multiple materials, while the better fit to epithermal neutron measurements was found using the most simple forest

canopy conceptualization, including a homogenous layer of foliage matesehsitivity analysis was performed to

quantify the effect of the forests governing parameters/variables on the neutron transport profiles.

Fhe-ground-evelthermal-to-epithermalThe sensitivity of canopy interception, dry bulk density of litter and mineral soll,

and soil chemistry on neutron intensity was found to be small. The ground lenelitfen ratio was found to increase with

increasing amounts of canopy interception and to be independent of ground level thermal neutron intensity, ground level
epithermal neutron intensity and soil moisture. However, the increase was minor and the measurement uncertainty exceeds
the signal of canopy interception at a timescale appropriate to detect canopy interception at Gludsted Plantation (half-hour
to hourly). However, the signal of canopy interception can potentially be isolated in measurements from locations of higher
neutron intensities (lower latitudes and/or higher altitudes) with canopy interception of longer residence time and larger
storage capacity (e.g. snowiter-seil-meisture;-the-next-mestimpertant-varebhffecting-neutronNeutrantensity
profiles-were-the-thicknesses-oef thewas found to be more sensitilittettdayer, soil moistureandthe-ameunt-of-above-
groundbiomassat the forest field siteAn increased litter layer at the forest floor désaliin reduced neutron intensities,

particularly for epithermal neutronis
ntensity-profiles-significantly—BethForest biomass was found to alter the thermal and epithermal neutron transport
significantly, both in terms of the shape of the neutron profiles and the t/e neutron ratios. The response to altered amounts of

biomass on thermal and epithermal neutron intensity is non-unique for the simple and complex forest conceptualization and

further advancement of the forest representation is therefore necessary. Stilietdifference between ground and
canopy level thermal and epithermal neutron intensity, respectively, and the grountddevel-te-epithermal-nredtront/e

ratios were changed with additional amounts of biomassg the simple and complex forest canopy comnedigation.
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The best agreement between measurements and modeling was obtained for the groinednexab-epithermalt/e

neutron ratio using a model with a complex forest canopy conceptualization. Furthermore, the modeled ratios were found to

agree well with two nearby field sites with differémte-coversamounts of biomagsbare ground agricultural field and a
heathland field site).
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Tables
Table 1 — Dynamics of different hydrogen pools.

Transient

Static Quasi-static Dynamic
Soil moistur X
Tree roots X
Soil organic matter X
Water in soil minera X
Vegetation (cellulose, water) X X
Snow X X
Puddle X
Open wate(river, sea, lake X
Canopy intercepted water X
Buildings/roads X
Atmospheric water vap X

Table 2 — Average tree height, tree diameter and dry bulk density @fdhe litter layer and the mineral soil at Gludsted

5 Plantation field site. Tree height and diameter are representative 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 cif] 0.34 0.29 1.09 0.09
Dry bulk density mineral soil, [g cfi 1.09 0.28 1.53 0.22
* Data obtained from the Danish Nature Agency

10
Page 32 of 54

“ { Formatted: Space After: 0 pt

93



5

Table 3 — Chemical composition of major elements at Gludsted Plantation determined using X-ray fluorescence analysis on

soil samples collected in 0.20-0.25 m depth.

Gludsted Plantation

[%]
0 52.78
Si 44.86
Al 1.54
K 0.5¢
Ti 0.29

Table 4 — Forest properties used in modeling.

*Specific for model with forest conceptualization of Modeée trunk, Foliage, Air**Reference model.

Models

No vegetation 50tha  100thad** 200 tha’ 400 t ha
Dry above-ground biomass [t Ha 0 50 100 200 400
Wet abov-ground biomasst he] 0 91 182 364 7217
Dry below-ground biomass [t Ha 0 125 25 50 100
Wet below-ground biomass [t fia 0 23 45 91 182
Tree trunk densii[g cn™] * - 0.8 0.82 0.82 0.82
Tree trunk radius [m] * - 0.07 0.07 0.07 0.07
Tree height [m] * - 25 25 25 25
Foliage densit[g cn”¥] * - 0.0013- 0.0015: 0.0018! 0.0025!
Foliage ban{m] * - 2.4¢ 1.7¢ 1.1¢ 0.8z
Sub-cell size [m x m] * - 6.67x6.67 4.72x4.72 3.34x3.34 2.36 x 2.36
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Fable-5Table 5 — Modeled ground level (1.5 m) and canopy level (27.5 m) thermal neutron intensity and epithermal neutron

intensity for the Gludsted Plantation models including four different forest canopy conceptualizations (see Fig. 3).

Thermal Thermal Epithermal Epithermal

Gludsted Plantation models (Fig. 3)  Foliage 573 207 681 813
B Tree trunk, Air 484 272 610 695
B Tree trunk, Foliage 536 261 619 716

Tree trunk, Air, Foliage 504 257 623 717

Table 6— Sensitivity in modeled ground level (1.5 m) aadapy level (27.5 m) thermal neutron intensity and epithermal
neutron intensity due to (¥rest-conceptualization,—{8pil moisture, 2) soil chemistry, 43) litter layer thickness54)
mineral soil and littedry bulk density(6 (bdi,). (5) canopy interception an@€) biomass. The sensitivity jgovided in
absolute values and amelative to the simulations based e reference-modaiven-in-Fig—3-anilodel Tree trunk, Air,

Foliagegiven-inFig—4,* and Moddfoliage™*, respectively(see Fig. 3 and Table B)alues provided in parentheses

specifies the direct effect of one-by-one excluding soil organic métted order complexity, Gd;_(second order

complexity, below ground biomagéirst order complexityand site specific major elements soil chemistBeference,-in
abselute-values. (S

Thermal Thermal Epithermal Epithermal

15m 275m 15m 275m
Conceptualization- models (Fig: 4) TFree-trunk-AirFoliage 504* 257* 623* 717
Foliage 70 50 58 113
- Tree trunk, Air -20 15 -13 -22
- Free-trunk+oliage 32 4 -4 4
Soil moisture models (Fig4) 0.18 504* 257* 623* 717*
Model Tree trunk, - Air, Foliage 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 (Fig5) 0.18 573 207 681+ 813**
| ModelFoliage 0.05 119 40 142 115
0.10 56 18 68 53
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0.25 -27 -9 -30 -23

0.35 -50 -16 -55 -48
0.45 -64 -21 -74 -61
| Soil chemistry models (Fig.6) 4™ order complexity 504* 257 623* 717*
| ModelFree-trunk-Air—Foliage 3% order complexity 19 (+19) 8 (+8) 25 (+25) 14 (+14)
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 (Fig864) 0.0em 504* 257 623" o - { Formatted: English (U.S.) ]
| ModetTree trunk-Air-Foliage 7.5cm 11 4 26 22 " { Formatted: English (U.S.) )
5.0cm 18 9 53 41
2.5cm 24 12 85 71
No litter layer 22 17 131 113
Density modelgFig—9) Gludsted Plantation* 504* 257* 623* 717*
Higherbdlitteg layer - { Formatted: Not Superscript/ Subscript J
ModelTree-trunk-AirFoliage bdyy -7 -5 -10 -6
Higherbelypesminergfsoil - { Formatted: Not Superscript/ Subscript J
bdyr, 15 5 17 10
Lowerbdylitter layerbdy, 7 2 14 o - { Formatted: Not Superscript/ Subscript J
Lowerbeypeminergsoil - { Formatted: Not Superscript/ Subscript J
bdyry -26 -13 -22 -18
Canopy interception models (Fig.
106B) Dry canopy 504* 257* 623* 717*
Medelree-trunk-Airteliage 1 mm 4 -2 -3 0
2mm 7 -3 -5 5
4 mm 15 -7 -5 2
Biomass models (Fig-:160 100 t ha 504* 257* 623* 717*
MedelFree-trunk-AirFoliage No vegetation -67 -21 99 85
50 t ha -16 -8 45 33
200t ha 14 2 -70 -47
400 t ha 21 2 -172 -116
| Biomass models (Fig-26D) 100 t ha 573% 207 681 813+
| ModelFoliage No vegetation -136 29 41 -28
50 t ha 0 24 13 -23
200t ha -9 -32 -26 22
400 t ha -48 -59 -82 73

Page 35 of 54

96



Figures

N""i/ Q
[ &
¥
!
. %
£ Y )
'8 L N
5 G 2 erprnn
b M y ‘

“ 02550 100Km . !
Lo ||

FIELD SITES

G Gludsted Plantation
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Figure 1 — Map showing the location of the three field siie$ludsted Plantatigr{light gray), V:Voulund Farmland
(beige)andH: Harrild Heathland(purple). The circles represent the footprinthaf heutron detector (radius = 300 m).
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Vertical model conceptualizatic

A. B. C. D. E.

L Atmospheric laye —
(~2 km

Forest canopy lay

(25m
Litter layer(0 - 0.1 m)
- e o e
(3.9-40m
Horizontal model conceptualization { o0 o0 o0
as seen from above ' . Y ) o0

Figure 2 — Model conceptualizations of forest. A: no forest canopy layer (model Game"); B: homogeneous foliage
layer with a uniformly distributed biomass (model nafaiage); C: cylindrical tree trunks with air in between (model
name:Tree trunks, Aly; D: cylindrical tree trunks with foliage in between (model naimee Trunksfoliage); E:

cylindrical tree trunks enveloped in a foliage-cover with air in between (model fae®etrunks, Foliage, Ajir The bottom

four figures illustrate the forest conceptualization seen from above.
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Thermal neutron intensity profiles

Epithermal neutron intensity profiles
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Figure-4—Sensitivity-to-forest-canopy-conceptualizalibeasured and modeled (A.) thermal and (B.) epitlaémautron

intensity profiles at Gludsted Plantation. Hourly and daily ranges of variation of thermal and epithermal neutron intensities
at ground and canopy level for the period 2013-2@l&dsted Plantation is modeled using four diffefentst canopy
conceptualizations (see Figure 2).
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Figure 4 — Sensitivity to soil moisture (Modidee trunk, Foliage, Ajr Measured and modeled (A.) thermal and (B.)

epithermal neutron intensity profiles at Gludsted Plantation. Hourly and daily ranges of variation of thermal and epithermal

neutron intensities at ground and canopy level for the period 2013-2015.
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Figure 5 - Sensitivity to soil moisture (Modebliage). Measured and modeled (A.) thermal and (B.) epitlaémautron

intensity profiles at Gludsted Plantation. Hourly and daily ranges of variation of thermal and epithermal neutron intensities

at ground and canopy level for the period 2013-2015.
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Figure 8— Neutron intensities measured at Gludsted Plamtéti the time period 2013-2015 and modeled using the Model

5 Tree trunk, Foliage, AirGround level thermal-to-epithermal neutron intensity ratio plotted against measured and modeled:

A.) ground level thermal neutron intensity, B.) ground level epithermal neutron intensity, and C.) volumetric soil moisture.
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Figure2#9— Neutron intensities measured at Gludsted Plantéiithe time period 2013-2015 and modeled using the
Model Foliage. Ground level thermal-to-epithermal neutron intensity ratio plotted against measured and modeled: A.)

ground level thermal neutron intensity, B.) ground level epithermal neutron intensity, and C.) volumetric soil moisture.
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Figure 10 — Ground level thermal-to-epithermal neutron ratio plotted against biomass equivalent to dry above-ground
biomass of: 50 t/ha, 100 t/ha (Gludsted Plantation), 200 t/ha and 400 t/ha usindrkéedelnk, Foliage, Aiand Model

Foliage respectively.
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