Response to editor and reviewers




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

by Andreasen et al.

Editor:

Dear Markus Weiler,

| apologize for the inconvenience. | found it easier to revise the manuscript, while addressing the reviewer
comments. In the future, | will make sure to follow the guidelines adequately. Compared to the revised
manuscript uploaded on October 3 2016 | have divided the results and discussions into two separate sections.

Yours sincerely,

Mie Andreasen

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Based off my own unpublished observations of biomass detection with CRNP, | am curious if plotting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?
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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.”
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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 4.1.:

“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 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 section has been changed, and the discussion of the measured neutron height profiles is now
included in the discussion section 4.1. Moreover, the wording has been changed:

“Slightly different neutron height profiles and t/e ratios were measured during the field campaigns in
November 2013 and March 2014 (Figures 3-5). The area average soil moisture was similar for the two field
campaigns, and the different neutron height profiles could therefore instead be a result of dissimilar soil
moisture profiles or different soil moisture of the litter layer and the mineral soil.”

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

AC10: The sentence has been changed (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.”

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.
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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,
separate sections of results and discussion has been included, 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
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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
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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).
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Most studies have focused on improving the Ny 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 Ng 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
results and the discussion are presented in separate section (section 3.1. and section 4.1.).

[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.
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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.

Results — neutron height profiles (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.”

Results — biomass (Section 3.5.): “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.”

Discussion - neutron height profiles (Section 4.1.): “Slightly different neutron height profiles and t/e ratios were
measured during the field campaigns in November 2013 and March 2014 (Figures 3-5). The area average soil
moisture was similar for the two field campaigns, and the different neutron height profiles could therefore
instead be a result of dissimilar soil moisture profiles or different soil moisture of the litter layer and the

I”

mineral soi
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Discussion - litter layer (Section 4.2.): “The production rate of low-energy neutrons (<1 MeV) per incident high-
energy neutron is higher for interactions with elements of higher atomic mass (A*3, 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.”

Discussion - biomass (Section 4.4.): “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 using Model Tree
trunk, Foliage, Air. 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. Applying Model Foliage both thermal and
epithermal neutron intensity decreases with added amounts of biomass. The deviating behavior (compared to
Model Tree trunk, Foliage, Air) may be due to the different elemental concentration of the forest canopy
layers. 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: We have included a separate section for discussion. Furthermore, 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
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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 signa
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).
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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.

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 (Section 1.):

“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
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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.

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 the “field measurement section” in the “method
section” (Section 2.2.4.).

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.

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.
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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 paragraph describing this
isincluded in section 4.1.

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 | 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?

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

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

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
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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 3.4. (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.

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.
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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 (SiO,).”

Page 13, L28: what is cts? To be defined.

ACA41: Ctsis counts. This has been specified in text (Section 3.3.).
Page 15, L4: conditions instead of locations.

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
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
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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
guestion 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

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, |. 2: “..relativeLY high concentration CLOSE TO THE LAND SURFACE,...
ACA7: The suggested change has been added to the manuscript.

p. 2, |. 2-10: I 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...”
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AC50: The suggested change has been added to the manuscript.
p. 2, |. 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 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, l. 16: Information? Be more specific.
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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
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.).
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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, l. 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, . 7: Why do you believe in this minor effect on your results?
AC62: This issue was addressed by Andreasen et al. (2016). We have added the reference.

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.”

p. 7, . 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
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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, |. 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 4.1 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 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.”

p. 10, |. 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, 1. 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.:
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“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 4.2.:

“The production rate of low-energy neutrons (<1 MeV) per incident high-energy neutron is higher for
interactions with elements of higher atomic mass (A*3, 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?

AC70: An explanation has been added to Section 4.2. 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 (Section 4.4.):

“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 using Model Tree trunk, Foliage, Air. 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?
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AC73: We have added a few sentences to explain the response of thermal and epithermal neutrons to
increasing amounts of biomass using Model Foliage:

Section 3.5.: “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.”

Section 4.4.: “Applying Model Foliage both thermal and epithermal neutron intensity decreases with added
amounts of biomass. The deviating behavior (compared to Model Tree trunk, Foliage, Air) may be due to the
different elemental concentration of the forest canopy layers. 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.

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: Alline has been added to the sentence (see underlined part — section 3.5.):

“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
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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 (section 4.4.):

“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...”

p. 19, I. 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 (section 4.5.):

“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’.
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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, 1. 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:
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 corredate all hydrogen present in the upper decimetetiseosubsurface and

the first few hectometers of the atmosphere ableegytound surface. This method has been used fasumiag soil

moisture

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

and different parameters describing the subsutfacgatch measuretkightprofiles and time series of thermal and
epithermal neutron intensities at a field site EenDark. A sensitivity analysis is performed to difgrihe effect offerest
canopy-representatiosil moisture, complexity of soil matrix chemistfgrest litter, soil bulk density, canopy interdept
and forest biomass ereutron-intensity—Fheresy GeveReeeris e hes esle plec i a e e s s e a s o

tensitythermal and epithermal neutron intensidéiesiultiple height levels above the ground surf@a»eerall, modeled

thermal and epithermal neutron intensities aratisfctory agreement with measurements, yet,dtest canopy

conceptualization is found to be significant foe thodeling results. The results show that the effecanopy interception,

soil chemistry and dry bulk density of litter anéheral soil on neutron intensity is small, whil@ thensitivity to litter layer

thickness and biomass in addition to soil moistsifieund to be significant. The neutron intensiggitases with added

litter layer thickness, especially for epithermaliron energies. Forest biomass has a signifieflnence on the neutron

intensity heighprofiles at the examined field site, altering btite shape of the profiles and the ground levehtlagto-
epithermal neutron ratiGhe-ground-levelthermal-to-epithermalneutron Téte increases significantly with increasing
amounts of biomass amgirerinsignificantlywith canopy interception. Satisfactory agreemsribund between
measurements and modgdtimates of biomagesults at the forest site as well as two neaiteyg sepresenting agricultural
and heathland ecosystems. The measured groundheveial-to-epithermal neutron ratios of the thsesitesrange from
around 0.56 to 0.8ZheA significantly smaller effect of canopy interception the ground level thermal-to-epithermal
neutron ratio was modeled to range froi03.80to 083684for a forest with a dry and a very wet canopy @ wof canopy
interception), respectiveiy i i i

A

1. Introduction
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st8oil moisture plays an important role in water andrgy exchanges at the
ground-atmosphere interface, but is difficult amgensive to measure at the intermediate s¢atEtometersjThe cosmic-
ray method has been developed to circumvent thecgimings of existing measurement procedures fibnsaisture
detection at the multi hectare scale (e.g. Zredd. €2008) and Franz et al. (2012)he cosmic-ray neutron intensity (eV
range) at the ground surface is a product of tmental composition and density of the immediateuad soil matrix.

Hydrogen is, because of its physical propertiesafteh relatively high concentration close to thed surface, a significant

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

surrounding hectometers of air and top decime round (Zreda et al., 2008). Neutron intgnsieasurements were
found to be suitable for the detection of soil naig since it often forms the major dynamic poohgfirogen within the
footprint of the detector.

Cosmic-ray neutron intensity detection also hasm@l for estimating other pools of hydrogen preseithin the footprint
of the neutron detector (Zreda et al., 2008; Deséé al., 2010). Hydrogen is stored staticallyasi-staticatty-or
dynamically-in-soibwater—atmespheric-water-vaporwater in soil mineralssed-erganic-matier-snow, and

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

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

To date, studies have prignaiihed to advance

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

influencing pools of hydrogen.

Rosolem et a(2013) examined the effect of atmospheric wateovam the neutromtensity(10-100 eV; 1 eV = 1.6*18

J) using neutron transport modeling and determinscheme to rescale the measured neutron inteéasiyerence

conditions. For the preparation of cosmic-ray nauttata correction for changes in atmospheric watpor is along with

corrections for temporal variations in barometniegsure and incoming cosmic radiation a standarceglure (Zreda et al.,

2012).

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

but also at high-yielding crop field sites like m&i Bogena et al. (2013) demonstrated the impagtahincluding the litter

layer in the calibration for cosmic-ray neutronl sooisture estimation at field locations with arsfgcant litter layer. The
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N calibration parameter obtained from field measweis was found to decrease with increasing biorfRissra
Villarreyes et al., 2013; Hornbuckle et al., 20H2wdon et al., 2018Baatz et al., 2015ouidIn order to account for this

effect Baatz et al. (2015a) defined a correctiomeh®o remove the effect of biomass on the neutrtansity signal. A

different approach was presented by Franz et @.3B). Here a universal calibration function wagpmsed where separate

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

Few studies have explored the potential of usiegctismic-ray neutron method for additional appiaet. Desilets et al.

(2010) distinguished snow and rain events usingsarements of two neutron energy bands, and SigmdrSi (2016)

reported an inverse relationship between snow vegfeivalent and the neutron intensity measuredjubie moderated

detector. Franz et al. (2013a) demonstrated arpoapprto isolate the effect of vegetation on thenoeuintensity signal and

estimate area average biomass water equivalegté@ement with independent measurements. Finablysidnals of

biomass and canopy interception on neutron intgnsieasured using the moderated detector, havéeatoinvestigated

by Baroni and Oswald (2015). They account the higloé moisture estimated using the cosmic-ray meguinethod

compared to the up-scaled soil moisture measurpdiat-scale tdethe impact of canopy interception and biomass. The

two pools of hydrogen were then separated in aeca@l to their dynamics.

The ability to separate the signals of the difféfgmrogen pools on the neutron intensity is valedwth for the

advancement of the cosmic-ray neutron soil moisésianation method and for the potential of addaicapplications. The

potential of determining canopy interception anohiss from the cosmic-ray neutron intensitvakiable as they form

essential hydrological and ecological variableghBare difficult and expensive to measure contirslyoat larger scales.
Although theunwantedeffect of biomassnd biomasgrowth on cosmic-ragstirrated-seil-meisture{Hornbuekleet al.,
2012)neutron intensitganpetentiallybe accounted for using independent metHéesreby-improving-seibmeoistdre
determinations) there is currently no established method for iraelently constraining biomass basedcosmic-ray

neutron data alone.

Canopy interception is for some climatic and envinental settings an important variable to include/ater balance
studies, as well as in hydrological and climatatedimodeling. For the forest site studied herectimopy interception loss
was found to be 31-34% of the gross precipitativaking it a vital variable to consider (Ringgaatdle 2014). A
common method to estimate canopy interception isutfracting the precipitation measured at groendllbelow canopy
(throughfall) from precipitation measured above fitrest canopy (gross precipitation) using stangeetipitation gauges.

FheHowever, thepatial scale of measurement is small and isemesentative of larger areas as the canopy iftgoceis

highly heterogeneous. In order to obtain a reptasier measure of canopy interception multiple tigtefall stations must
be installed. This is labor intensive and measurgmecertainties are significant. Precipitation erestimation due to wind
turbulence, wetting loss, and forest debris plugdire measurement gauge at the forest floor anesswf significant

uncertainty (Dunkerley, 2000).

The forest biomass represents an important resdard¢ienber industry and renewable energy. Furtte@enforest modifies
the weather through the mechanisms and feedbaleited¢o evapotranspiration, surface albedo angmoess. Overall, the
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forest ecosystems have a cooling impact on gldbabkée as significant amounts of carbon are accatedlthrough
photosynthesis. Carbon sequestration by afforestaind an effective forest management is a wideégunethod to
decrease the concentration of carbon dioxide irattrosphere and thereby attenuate the greenhdese @fal, 2008). The
carbon sequestration in vegetation can be quashtifjemonitoring the growth of biomass over timeeThost conventional
and accurate method to estimate forest biomabg isde of allometric models describing the relatim between the
biomass of a specific tree species and easily mableuree parameters, such as tree height andieeter at breast
height (Jenkins et al., 2003). However, this apgnda time consuming and labor intensive becaugeenous trees have to
be surveyed to obtain accurate and representatsdts (Popescu, 2007). Remote sensing technofbens @lternative
methods to estimate biomass as high correlatianfoand between spectral bands and vegetation gaessn One method
providing high resolution maps is airborbight Detection And Rangin@iDAR) technology (Boudreau et al., 2008). The
LiDAR system is installed in small aircrafts angjitdzes the first and last return of near-infraf@ser recordings. The
canopy height at a decimeter grid-size scale casbbened and the biomass can be estimated froresgign models.
Instruments and aircraft-surveys are expensive naeasurements of tree growth will often be at asmgemporal

resolution.

Here,Previous studies examinithge potentialeffeciof dete

hydrogen orcosmic-ray neutromtensities-is-investigated—The-analysisis-basadtensity has for most cases considered a

single neutron energy range (neutron intensity meakusing the moderated neutron detector) atggesheight level

(typically 1.5 m above the ground). Thermal andhegimal neutrons are both sensitive to hydrogehal®icharacterized

by very different physical properties resultinguimique responses to environmental settings andittmmglat the immediate

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

above the ground surface are considered in thify/stu

The study is conducted atforestreundarayerfield sitasingthermal and epithermal neutromeasurements from

measurements-usili@re and moderated detectors constrained witha@mnefactor models (Andreasen et al., 2916
Medelingis-based-on) and modeling usthg recognized and widely usedutron Monte Carlo N-Particteansportredel
MENP6code (MCNPJPelowitz, 2013).

Neutron transport modeling of specific sites isitéd and has only been performed for non-vegetiddisites (Franz et
al.,261432013bAndreasen et al., 2016). In this context, fosists are especially complex to conceptualize asitimber
of free parameters igeryrelativelyhigh (e.g. biomass, litter, soil chemistry, intgtion and the structure of the foreét).

this-studyHerewefirst focus onmodellnga ensiti

farest field siteFhisThemodel is developed

from measured soil and vegetation parameters afibeific locality. The modeled neutron intensitgfijes are evaluated
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against profile measurements on two different de¢gmrated by five months, and also against timessef neutron

|nten5|ty measurements at two hEIg H Ropy

H%e#eepﬂen—and—bemass—k%en—measwﬁﬂﬂmmnq the forests environmental impact on thakand epithermal

neutron intensities are identified and quantifigcapplying a sensitivity analysis based on the roeferesentative of the

forest field site. In addition to improving the werdtanding of the environmental effect on neutrangport the focus is also

on examining the potential of detecting intermeglgtale canopy interception and biomass from coesayineutrons.

Measurementat an agricultural field site with no biomass até heather field site with a smaller amount ofibass are

used to underpin thessessment.influence of certain environmental besae.q., biomass, litter layefljo our knowledge

this is the first study which provides a quantitatanalysis of the potential of using the cosmictezhnique 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 probalufithe neutron interacting with other elements #edtype of interaction
(i.e. absorbing or scattering). Overall, an impatrtareshold for the behavior of low energy neusrapresent at energies
somewhere below 0.5 eff-eV-=1.6¥10"-3).. The specific energy ranges of thermal, epitheamadl fast neutrons are

ambiguous. The following terminology for neutroreegies 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 hydrologicablagations it is common to consider fast energygesn(10 — 100 eV or
10 — 1000=ve)) (Desilets et al., 2010; 2013; Rosolem et al.,2Fanz et al26132013bKohli et al., 2015), while
measurements using standard soil moisture neugtatrsvilb-at-bestrepresentis sensitivethe entire epithermal
energy range (Andreasen et al., 20 B&jspite-this-fact-we-willuseHerthe term epithermaleutrons will be usefbr both

2.2.2.2. Cosmic-ray neutron detection

3.21.2.2.1. Equipment
Cosmic-ray neutron intensity was measured usin@fR&000/B system from Hydroinnova LLC, Albuquerghew
Mexico. The system has two detectors that consisthes filled with boron-10 (enriched to 96%) ltrifride (°BF)
proportional gas. The neutron detection relieshert®(n,«)’Li reaction for converting thermal neutrons int@afed
particles ¢) and then into an electronic signal. One detdstanshielded (bare detector), while the othehielded by 25
mm of high-density polyethylene (moderated det@cidnese different configurations give the bare arudlerated tubes

different energy sensitivities.

The thermal neutron absorption cross-sectioffiis very high (3835 barns) (Sears et al., 1998)s Rbsorption cross-
section decreases rapidly with increasing neutrmngy following a 1/8° law (where Eis neutron energy) (Knoll 2010).
Therefore, the energies measured by the bare trhprise a continuous distribution which is heawilgighted toward
thermal neutrons (<0.5 eV), with a small proportadrepithermal neutrons also being detected (<1@iireasen et al.,
2016).

The moderated detector is more sensitive to highatron energies (> 0.5 eV). The purpose of thggtbylene is to slow
(moderate) epithermal neutrons through interactitis hydrogen in order to increase the probabiityhem being
captured by°B in the detector. At the same time the polyethglattenuates the thermal neutron flux through oeutr
capture by hydrogen. Nonetheless, a large propoépproximately 40% of the thermal neutrons dettbly the bare
detector) originates from below 0.5 eV (Andreaseal.¢ 2016).
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Obeying Poissonian statistics (Knoll 2010) the meament uncertainty of a given neutron intensityddicreases with

increasing neutron intensity and the standard tiem@quals 1.

The measured neutron intensities are correctedafdations in barometric pressure, atmospheric mapor and incoming
cosmic-ray intensity following procedures of Zreztal. (2012) and Rosolem et al. (2013). Unfortatyathe water vapor
correction of Rosolem et al. (2013) is only valid-ast-andepithermal neutron measurements. Since the dawelopof
correction methods is beyond the scope of thisystwed refrained from using a vapor correction fog theasured thermal
neutron intensities. We believe that this missiogection will only have a minor effect on our réésu(Andreasen et al.,
2016).Nevertheless, we suggest that future studies dhiouéstigate the effect of water vapor on thernealtron

intensities and to develop appropriate correcti@thods.

2.22.2.2.2. Purethermal and epithermal neutron detection
We expect thermal and epithermal neutrons to haigue responses to environmental properties aticg®t Therefore, it

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

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

and the moderated detectors, respectively, weheseadmium-difference method (Knoll, 2010; Glasstand Edlund,
1952). The thermal absorption cross-section of ¢ainis very high (approximately 3500 barns) for tnen energies
below 0.5 eV. The cross-section drops to approxéiyd.5barns at neutron energy 0.5 eV and remains low iwitteasing
neutron energies. Thus, a cadmium shielded nedetettor only measures neutrons of energies hipaer0.5 eV. The
epithermal neutron intensity was measured fromdadam shielded moderated detector, while the thénmatron
intensity was calculated by subtracting the neutnéensity measured by the cadmium-shielded batecti® from the
neutron intensity measured by the bare detect@hfetded). The cadmium-difference method is desdrib Andreasen et
al. (2016) in detail.

Appropriateneutron energgorrectiorfacter models were applied in order to obtain pure théand pure epithermal
neutron intensity measurements for the time pendusn the cadmium-difference method was not apghedireasen et
al., 2016). Theaneutron energgorrectionfactorsmodelwere obtained from field campaigns applying theéncaim-
difference method on bare and moderated detedt@eriaus locations (height levels and land coverhe determination

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

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

determined from modeling by Desilets and Zreda 8@&hd Koéhli et al. (2015). However the findingstieése two studies
were inconsistent. Desilets and Zreda (2013) usedéutron transport code Monte Carlo N-Particleeadled (MCNPX)
and found the footprint to be nearly 600 m in digenén dry air, while Kéhli et al. (2015) using thidtra Rapid Adaptable
Neutron-Only Simulation (URANOS) estimated the fwait to be 260 — 480 m in diameter depending enatih humidity,
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soil moisture and vegetation. The potential misimatcthe footprint of the bare and the moderate@aters is a concern

when combining the neutron intensity measuremé

the field sites are fairly homogeneaursd although the footprint might be different g8t approximation we assume the

neutron intensity measured using the bare and titeerated detector are comparable

3.24.2.2.4. Field measurements
Three field sites are used in this study; the prinsite is Gludsted Plantation, and two secondaeg sire Voulund

Farmland and Harrild Heathlan@he sites located within the Skjern River Catchnieithe Western part of Denmark

represents the three major land use types (Figusaed are all part of the Danish hydrological obatary (HOBE) (Jensen
and lllangasekare, 201The sites are situated at an elevation of appraein&0 - 60 m above sea level on an outwash
plain from the last glaciation composed of nutrigapleted sandy stratified soils. Harrild Heathlébcated 1 km south
of Voulund Farmland, both approximately 10 km wafsGludsted Plantation.

area of around 3500 ha. The trees of the plantatiemensely planted in rows and are in generaposed of Norway
spruce with small patches of Sitka spruce, Larah@ouglas fir. Within the field site area (38 hiag trees were estimated
to be up to 25 m high and the dry above-ground b&so be around 100446 t/ha (one standard devjaiging LIDAR
images from 2006 and 2007 (Nord-Larsen and Schuera2f12) The dry below-ground biomass was calculated toSe 2

t/ha using a root-to-shoot ratio (the weight of thets to the weight of the aerial part of the Yifiee Norway spruce of 0.25

(Levy et al., 2004)Information on the vegetation at the forest figtd ¢e.g. tree species, ages, heights and trumieters)
is acquired from a register managed by The Dangsfutd Agency (representative of the 2012 condijicsese Table 2.

.

In Scandinavian forests around 79% of the totalvalground biomass of Norway spruce is stored withintree trunks.
The remaining 21% is found in the branches andlasdtermedoliage). A typical density of the tree trunk is 0.83 gfcm
(Serup et al., 2002). The major component of the hiomass is cellulose ¢i€,(Os) and represents around 55% of the total

mass, while the remaining 45% is vegetation wegeryp et al., 2002). Based on these approximatibasyvet above- and

below-ground biomass at the field site area aieestd to be 182 t/ha and 45 t/ha, respectivelyhWileaf area index
(LAI) of 4.5 and a canopy interception capacityffioent of 0.5 mm/LAIl (Andreasen et al., 2013) timaximum storage of
canopy intercepted rain is estimated to be 2.25 mm.

Soil samples were collected within the footprintfeé cosmic-ray neutron detector on August 26 -2073 following the

rocedure of Franz et al. (2012). Based on th les the organic rich litter layer is found to%e10 cm thick. The dry

bulk density of the litter and mineral layer arécaéated by oven drying the soil samples (Tablea?y the soil organic
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matter content of the mineral soil is determinemhiithe loss-on-ignition method (16.9% in 10 - 20aepth and 7.6% in
20 - 30 cm depth). A time series of soil moistwealculated from cosmic-ray neutron intensityrtstg in spring, 2013,
using the lymethod as presented in Desilets et al. (2010)\.@Be chemical composition of the soil matrixeistimated

for two random soil samples collected at 20-25 @ptd using th&-ray fluorescencéXRF) analysis (Table 3).
Table isinserted here

The element Gadolinium (Gd) can have a signifiGamact on thermal neutron intensity even at lowaenrirations due to
its very high absorption cross-section of 4900(hs4f barn = 18* cn?). The detection limit of the XRF in this study56
ppm forGd. The two soil samples from Gludsted Plantation liatie Gd concentration below the detection limithef
XRE. Inductively coupled plasma mass spectromé@{MS) detects metals and several non-metalsrgtsraall
concentrations and was used to characterize thersnistry of a nearby field site with similar koonditions (Salminen et
al., 2005). A Gd concentration of 0.51 ppm was fbahthat site and we assume this value to be septative of the

conditions at Gludsted Plantation.

Gludsted Plantation is a heavily equipped resefiethsite with a 38-m high tower for measuremattmultiple heights
within the forest canopyAt Gludsted Plantation, CR1000/B systems were liestat ground level (1.5 m height) and

canopy level (27.5 m height) in the spring of 20@8urly neutron intensities have been continuodsiected (Andreasen
et al., 2016) except for short periods where thtealers were used for other types of measurememntsring times of
malfunctions. Neutron intensity profiles extendfngm the ground surface to 35-m-height above tloeigd were measured
at approximately 5 m-increments during two fieldngeigns on November 28 — 29, 2013 and March 12 20%4 at

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

epithermal neutron signals were estimated usingroe@nergy correction models on measurements ffrara and

moderated detectors, respectively. The neutrorggrerrection models were both used on time-seanelsneutron height

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

profile (with no thermal contribution) was measutmihg a cadmium-shielded moderated detector (fsdm et al., 2016).
For the profile measurements neutron intensitie® wecorded at a 10-minute time resolution. Asttieemal neutron
intensity decreases significantly with height weabe to extend the time of measurement with thghihével increments
to maintain a low and consistent measurement wiogyt The volumetric soil moisture content meadursing the

cosmic-ray neutron method (Zreda et al., 2008) @v&a8 during both field campaigns.

After harvest in the late summer until ploughingpring 2016 (prior to sowing) the fields were amgewith stubble

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

column and is a result of the cultivation practiddsre information about the field site can be fdun Andreasen et al.
(2016).Ground level neutron intensities were measuredepieésnber 22 and 23, 2015 at Voulund Farmland (Aasine et

al., 2016). The measurements were conducted usingare and the moderated neutron detectors ngrmsatalled at
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Gludsted Plantation and data were logged everyihOtes.In order to obtain pure thermal and epithermal reubeight

profiles the neutron energy correction models vegnelied.

Harrild Heathland (56°01'33"N 9°09'29"E) is a shtaihd field site dominated by grasses and heaiter.heathland is  <- - - {Formatted: Normal

maintained by controlled burning, yet, the fieltesirea has not recently been bufie organic rich litter layer is found to

be around 10 cm thick during soil sampling fieldgeigns at the field site. Due to podsolizationwa permeable hardpan-

layer hindering percolation to deeper depths isgmeat around 25-30 cm deplinthe period from October 27 to

November 16, 2015 the ground level thermal anchepital neutron intensity was measured directlyaritdl Heathland
using the cadmium-difference method (Knoll, 20T0)e cadmium-difference method was applied usingliare and one

moderated detector normally installed at GludstedtBtion. The neutron intensity was integrated @awdrded on an

hourly basisFhe-me

3:3.2.3._Neutron transport modeling
The three-dimensional Monte Carlo N-Particle tramspode version 6 (MCNP6) (Pelowitz, 2013) simnlathermal and
epithermal neutrons is used to model the fdiie&t site. The code holds libraries of measured absmrtnd scattering
cross-sections used to compute the probabilitptefractions between earth elements and neutromsMINP6 combines
Monte Carlo N-Particle Transport code version 5 {#f5) and Monte Carlo N-Particle Extended Radialimsport code
(MCNPX). MCNPX has been used for most neutron partsmodeling within the field of hydrology (Des#eet al., 2013;
Rosolem et al., 2013; Zweck et al., 2013). Howethe,improved and more advanced MCNP6 has reckedy introduced

and provided more realistic neutron intensity pesfifor Voulund Farmland field site (Andreasenlet2016).

The number of particle histories released at timeereof the upper boundary of the model domaipécHied to obtain an
uncertainty below 1%. The released particles repres distribution of high-energy particles typifal the spectrum of
incoming cosmic-rays traveling through the atmosph&he modeled neutron intensities are normalEdunit source
particle providing relative values (Zweck et aD13). In order to obtain values comparable to messents conversion
factors are used (Andreasen et al., 2016). Thearsion factors 3.739x1band 1.601x18 are multiplied by the modeled
thermal neutron fluences in the energy range oD®G-eV and epithermal neutron fluences in the@neange 10 — 1000
eV, respectively. We stress that, the conversiotofa are detector-specific as well as dependetti®horizontal area of
the modelsetup in MCNP6. The dependence of the environmeettihgs is at this point in time unclear and $thde

addressed in future studies.

3.3:4.2.3.1. TheGludsted Plantation reference model
The model domain of MCNP6 is defined by cells afyirag geometry, and each cell is assigned a sjpefiémical

composition and density. The lowest 4 m of the Glad Plantation reference model consists of subseitfiyers. The
chemical composition of the mineral soil is prelsed according to the chemical composition from XREasurements;
assumed Gd concentration of 0.51 ppm, wet belowsgtdiomass (cellulose) of 45 t/ha, dry bulk densft1.09 g/cm
and soil moisture content of 0.18. The litter laigedefined according to the chemical compositiboatiulose, dry bulk
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density of 0.34 g/cthand moisture content similar to that of mineral &ee also Table 3). The same soil moisture was
used for the whole soil column, as the soil mossturfile was unknown for the days of neutron peafneasurements, and
furthermore we wanted to test the signal of soilsture. The atmosphere is composed of 79% nitregen21% oxygen by
volume and extends from the forest canopy surfadlee upper boundary of the model domaia@iroximatel\2 km
height. Here, an incoming spectrum adapted topkeific level of the atmosphere is specified (Hughrd Marsden,
1966). The density of air is assumed to be 0.004165. Multiple sublayers of varying vertical discretizm cover the
vertical extent of the model in order to record tnewl intensities at multiple heights and depthsftbe ground surface.
The resolution of the layers increases with protyrto the ground surface ranging in thickness fbf25 m to 0.20 m for
the subsurface layers and from 1 m to 164 m fotahers above the ground surface. 1 m layers ae fiem the ground to
28 m height to enable neutron intensity to be mextlat the measured heights. The neutron intenstgctbrs are layers of
1 m height and extent the full lateral model dom@®0 m x 400 m). Reflecting surfaces constrainntioelel domain. Thus,
the particles reaching a model boundary will béec#éd specularly back into the model domain. Velve-ground
biomass of 182 t/ha is distributed within the foreenopy layers extending from the ground surfacgstm above the
ground (Table 4).

The proper way to conceptualize the forest canogiié model-setup is not obvious and the sensitiviforest

representation on neutron intensity is therefovestigated using four model-setups of increasimgaexity. In the first

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

canopy layers. In order to obtain a wet above-giduiomass of 182 t/ha a relatively low density @f0189 g/criis

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

air) and densities (massive tree trunks and lessalfliage and air), the horizontal discretizatbthe forest canopy

layers is reduced to smaller cedls4-72-m-by-4-72-m-(Figure2E).

for the next tree model-setufEhe 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 dgrit0.83 g/cm. A tree is placed at the center of each cell atenels
from the ground surface to the top of the foresiogg lay

second representation (Modetee trunk, Air Figure 2C) the horizontal discretization of tioeeist canopy layers is sef®
i i i Q04 G aetiv H f
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5 g/énFerThus, forthis model all biomass is

stored in the bole of the trees and the cell sizadjusted to obtain a wet above-ground biomad8dft/ha resulting in
9070 trees within the model domain. In the thindresentationhe-setup-is-equatto-thereference-model-excepbihis

Roetincluded-in-the-deseription-of-theferest-canyers(Model Tree tru
between) the horizontal discretization of the forsmopy layers is 4.72

nk, FoliageFigure 20—Herethe-celHs-divided

m by 4.72 m and the remgimblume beyonthe

4r20 m by 4.20 m and the remaining

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

is 79% and 21%, respectively, typical of Norwayus:. The foliage material isompeseda composit# cellulose and ajr
and theotatdensityof the-materials the sum of the two(001318 g/cr). A total of 7182 trees are evenly spaced within

the model domairThedensity-of-the-foliage-in fourth and most compleset canopy conceptualizatiddddel Tree

trunk, Foliage Figure 2E)is smallerthanforequal tihereference-modelasModEtee trunk, Foliagexcept that air is

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

band around the tree cylinder and the density laide material composted of air and cellulose @051 g/cm,

Table4 and Figure 2 are inserted 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 tess#msitivity, i.e. 0.05, 0.10, 0.25, 0.35 and O#%-same-seoil-meisture
range-is-modeled-usingBothe ModeH-oliageforest canopyonceptualizatiof ModelTree trunk, Foliage, Aiand the

Model Foliage are used

L - = {Formatted: Font: Bold, Highlight

)

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

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

epithermal neutron intensities to soil chemistiye Gludsted Plantatioreference model holds the most complex soil
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The sensitivity of the modeled thermal and epitr@meutron intensities to the presence of the acgdter layer is
investigated using th€ludsted Plantatioreference modelncluding a complex forest conceptualization (MbBree

trunk, Foliage, Air) in which the thickness of the litter layer is gebe 10.0 cm. Sensitivity simulations are caroeatfor
the following thicknesses of the litter layer: @, 2.5 cm, 5.0 cm and 7.5 cm. For all litter layedels, the total thickness

of the subsurface is kept constant at 4 m.

The materials of forest floor litter and minerall stiffer distinctly in terms of chemical compositi and dry bulk density.
The determination of dry bulk density of the twoterals is characterized by measurement uncerta@specially for the
litter as sampling and drying is very challengingraterials including large amounts of soil orgamiatter (O'Kelly,
2004). Given that the elemental composition andsitigiof the soil matrix is relevant for the neutiatensity the
sensitivity of dry bulk density on thermal and épitmal neutron intensity is examined. The dry lidksity of the
Gludsted Plantatioreference model is set to 0.34 gfdor the litter layer and 1.09 g/crfor the mineral soil. Th&ludsted
Plantationreference modehcluding the complex forest conceptualization @bl ree trunk, Foliage, Air)s used to test
the sensitivity applying four scenarios: 1) higtey bulk density of the litter layer (0.50 g/@m2) higher dry bulk density
of the mineral soil (1.60 g/cH 3) lower dry bulk density of the litter layer.2D g/cnd), and 4) lower dry bulk density of
the mineral soil (0.60 g/cth All values with the exception of higher dry bulknsity of 1.60 g/cfifor the mineral soil
(standard value for quartz; soil particle densftg 6 g/cni and a porosity of 0.40) are within the range ef th

measurements (see Table 2).

TheGludsted Plantatioreference modehcluding the complex forest conceptualizat{iodel Tree trunk, Foliage, Air)s
used to test the sensitivity to canopy intercepligrincreasing the density and water content ottlks described by
foliage material. The forest canopy of the refeeemmdel is dry (foliage material density 0.0015dngj). In order to test
the effect, water equivalent to 1 mm (foliage miatetensity 0.00155 g/cfjy 2 mm (foliage material density 0.00159
g/cnt) and 4 mm (foliage material density 0.00167 dicafi canopy interception is added to the foliagkine.

The sensitivity to biomass is investigated usirg@udsted Plantatioreference modelith the complex forest
conceptualizatiofiModel Tree trunk, Foliage, AJras-well-as-aand trsimplified model-setup (Modéloliage). The
biomass of th&ludsted Plantatioreference model is equivalent to a dry above-gidduiomass of 100 t/ha and a dry
below-ground biomass of 25 t/ha, following the rtmshoot ratio of 0.25 typical of Norway sprucéid distribution is
used for bottmedelsmodel setupFor the sensitivity analysis one model withougefation (ModeD t/ha Figure 2A) and
three models with different amounts of biomassused (see Table 4). The forest canopy layer extgndiiformly from
the ground to 25 m above the ground surface ithteomodel with no vegetation assigned with the nelteomposition and
density of air. The amount of biomass modeledHerthree remaining models is equivalent to a dovakground biomass
of: 1) 50 t/ha, 2) 200 t/ha, and 3) 400 t/ha. Tize sf the cells in the forest layers and the dgrefithe foliage material are

adjusted in order to obtain the correct amountiafiass.
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4.3. Results and-discussions
3.1 Gludsted Plantation

41 ——Thereference
Neutronneutrorintensity profilefor Gludsted Plantation araodeledwith-the-Gludsted-Plantation+eferenceusing four

different forest canopy conceptualizations. Tinedelresultsare presented in Fig; 8long with time-series of hourly and

daily ranges of thermal and epithermal neutromisitées collected at the Gludsted Plantation dutiiregperiod 2013-2015,
and measured/estimated thermal and epithermaloreinttensity profiles (November 2013 and March 20Eéllowing the
Poissonian statistics the relative uncertainty el@ses with increasing neutron intensity. The redatieasurement
uncertainty is thereforiewerhigherfor the hourly time series data than for the mudturly (2-12 hr) and daily

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

measurement uncertainty is lower than forieatronprefile-figurese—Figs-—4—12,to-enable corgmmheight profiles

Figure 3isinserted here

measurements provide similar results in agreeméhttieory. The thermal neutron intensity decreasesiderable with

height above ground surface and is at canopy texkiced by around 50% compared to at the groured. [&le epithermal

neutron intensity increases slightly with heighd amaround 10-15% higher at the canopy level castbéo the ground

A remarkable agreement between measured and maumi&wn intensities is seen in Fig. 3. We streasrib calibration
of the governing physical properties in the forasdel is performed and that the estimates are baseteasured

profile-isThe ground and canopy level thermal apithermal neutron intensity for the four forest py conceptualization

models are provided in Table-Slighthunderest imated-and-theprof He-slopatéeperthanthe-measured-prof les.
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All modeled neutron intensity profiles are withiretrange of hourly time-series measurements, apdrircular the

thermal neutron profiles are agreement with measuremer@uerall, the models of the more complex forest ggno

conceptualizations, including a tree trunk, pro\seilar thermal and epithermal neutron profilemdeled-satisfactorily.
The ground and canopy level thermal neutron intgrdimodels with forest canopy conceptualizatibodel Tree trunk,

Foliageand ModelTree trunk, Foliage, Aiare within the daily ranges of the time-series sneamentsin contrast, the

modeled epithermal neutron profiles of the more plem models arslightly underestimated and the profile slopetéeper

than the measured profiles. Nevertheless, the raddsgithermal neutron intensity profile is stilthin the ranges of the

Py

time-series of hourly measurements at both heelels.
izath } i ofiiEhe neutron intensity

profiles of the simpler forest canopy conceptudi@aof ModelFoliageis less steep and is the only model providing an
epithermal neutron intensity profile within the lgaianges of the time-series measurements at betground and canopy
level.

Table5isinserted here

The most appropriate forest canopy conceptualizasimot obvious from Figl-ard-Fable-52s the best fit of the thermal
measurements is found using a complex concepttializavhile the more simple foliage conceptualiaatmatches the
epithermal measurements betié

high ensitive-to-the level of complexity-of thae a¥ale oncep I on or-the-fo is-the-most

complex-moedelwas-chosen-for theHerseasitivity analysisalthough-seme-examples-ef-medeling is perfasimg the

most complex model and occasionally gimplest forest canopy conceptualizatieifi-be-providedto examine the effect of

soil moisture, soil dry bulk density and compositititter and mineral soil layer thickness, canaggrception and biomass

on the thermal and epithermal neutron transpditeatimmediate ground-atmosphere interface
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3.2. Soil moisture
The modeled thermal and epithermal neutron intgmsitfiles ofthe-Gludsted-Plantatiarference-moddlodel Tree trunk,

Foliage, Airand ModelFoliage using six different soil moistures, 0.05, 0.1,8).0.25, 0.35 and 0.45, are presented in
Figs.5-and-6,respectively. 4 and 5, respectively. Tabéncomparison the measurements included in Fige &lso
included in Figs. 4 and 5. The sensitivity of sniisture on thermal and epithermal neutron intexssit the ground and

canopy level relative to the Mod€tee trunk, FoliageAir and ModeFoliage 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 neutr@msity is seen ifiable 6,Figs.54 andé5 to decrease with increasing
soil moisture. For both model-setups, the largbanges in neutron intensity occur at the dry enth@foil moisture range
and for the epithermal neutrofsee-alse-Fable 5orthereference-modelModélee trunk, Foliage, Ai(Figure54), only

a minor decrease in the sensitivity of soil moistan epithermal neutron intensity is observed géiog ground level to

canopy level (approximately 15% reduction in intgnsange corresponding to a soil moisture charfgg40). On the
other hand, the sensitivity of the thermal neuirdansity is reduced more than 50% (Tabt most likely caused by the
lower mean-free path length of the thermal neutammpared to that of epithermal neutrons. The mespto soil moisture
is similar for the model with a simple forest cap@onceptualization (Figurgb). However, both thermal and epithermal

neutron intensities are found to be slightly maesitivity to soil moistureNeutron intensity at dry and wet soil conditions

is represented by the range of time-series neutensity measurements. Overall, the modeled neuhtensities are

within the measurement range and the more apptepriadel-setup for Gludsted Plantation is not obsifstom the

L - = { Formatted: Font color: Auto

4-3.3.3. Subsurface properties
Thermal and epithermal neutron intensity profdesmodeled usinghereference-medelModélee trunk, Foliage, Air

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

Fhe-effect-of-varying . Soil organic matter, belgnound biomass, Gd and the chemical compositiam X&RF
measurements are excluded onthatime (fromthird to first order complexityand the final model includes a simple silica
e i@10,). The exact

soil

sensitivity ofexcludingthe different componen
simple-seilchemistry-ef- Sigron ground and canopy level thermal and epitherreatron intensity is quantified in Table
56 (see values in parentheses). Only the removadibbsyanic mattefthird order complexitychanges the neutron

intensity significantlyat Gludsted Plantatioine. an increase in the ground level thermal gpithermal neutron intensity of

19 cts/hr(cts = countsand 25 cts/hr, respectively, is observEde-sensitivity-to-soil-chemistry-en-thermal-andlermal

neutron-intensitvprofiles w ound-to be muchermrbstan Joulund mland (Andreasen c216 he-sail
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-Fig—8-theThehermal and epithermal neutron intengitpfilesis alsamodeled for a forest with litter layer of various
j keimeth(Figure 6A). The Modélree trunk, Foliage, Air

thicknessesre

includinga 10.0 cm thick litter layer is used along withefst models with litter layers of 0.0 cm, 2.5 cnf) 8m and 7.5 cm
thickness.

Figure 86 isinserted here

Neutron intensities are found to decrease witmareasing layer of litter, having the greatest iotma the epithermal

drogen-in-littersesthe probab 0 attering-of -neutron

} e i itter. (see also Table Bhereby, the thermal-to-epithermal
neutronintensity(t/e)ratio isfeund-to-bealtered when changing the thickness of the ligger. This effect is most
pronounced when the model without a litter layezdampared to the model with just a thin 2.5 cmkiHiiter layer{see-also

neutron intensiti

Fhe-modified-bulk-densities-of-litter-and-minerailsAdditionally, the sensitivity to litter and méral soils dry bulk density

on neutron intensity is examined as a considernalnlge of values is measured within the footprinthef neutron detector

(see Table 2). Models including higher litter lay@150 g cnt) and mineral soil dry bulk density (1.60 g éhas well as

4-4.3.4. Canopy interception
FheThe effect of canopy interception thermal and epithermal neutron intengitgfilesismodeledby-the-Gludsted
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using ModelTree trunk, Foliage, AifFigure1oisinserted-here L - { Formatted: Font: Not Bold, Not Italic ]

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

A maximum change of approximately 3% (15 cts/hghserved for thermal neutron intensity at grownel going from a
dry canopy to 4 mm of canopy interception. At thedfic field site a maximum canopy storage capagiit2.25 mm is
expected, producing a change in observed grourad tkermal neutron intensity of approximately 7ttsGiven an
average neutron intensity of 504 cts/hr of growel thermal neutrons with the installed detectansuncertainty of 22

cts/hr is expected based solely on PoissoniarsstatiThus, the signal of canopy interception is withie theasurement

uncertainty, and cannot be identified at Gludsteaf@tion using the available cosmic-ray neutromsoeementé-erder

Although detection of canopy interception at GledsPlantation is unfavorable it may still be pokesdt more appropriate
leeationsconditionsCanopy interception modeling as described ab®tedrefore also performed for soil moisture 0.05,
0.10, 0.25 and 0.40. Ground levietrmal-to-epithermal-neutron+atiost/e rasfche 20 model combinations are plotted
against ground level thermal neutron intensityugiblevel epithermal neutron intensity and volumeeoil moisture
(Figure117). We choose not to includeeasurementmeasuremeinighe figureas-we-from-the-caleulation-in-the-previous
seetenfoundbecaudhe measurement uncertainty at a relevant integrétnete-beisgreater than the signal of canopy

interception.

Figure 7 isinserted here

Overall, ground levehermal-to-epithermatneudtrontratio is found to be independent of ground lekiefnal neutron
intensity (Figuret+A7A), ground level epithermal neutron intensity (Fig#B7B) and volumetric soil moisture (Figure
11€7Q. Ground levethermal-to-epithermalnedtrontfatio is found to increase with increasing caniopgrception. The
ground levethermal-to-epithermalneutrontfatio for a dry canopy is on average 0.804, witieeaverage at 4 mm of
canopy interception is 0.836. Overall, the sameeiage in ground levéhermal-to-epithermalneutrontfatio is obtained

per 1 mm additional canopy interceptiditheugh-the-change-in

#©. - - Formatted: Font: Times New Roman,
10 pt
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4.5.3.5. Biomass
The sensitivity to the amount of forest biomasst@mrmal and epithermal neutron intengitpfilesusing the forest canopy
conceptualization of Moddiree trunk, Foliage, Aifreference-medeBnd ModelFoliage are presented iRigs—2Fig. 6C
andi3Fig 60 respectively. The neutron intensjtyefiles-areiprovided for a scenario with no vegetatite-Gludsted

Forest biomass is seen to significantly alter tregrnal and epithermal neutron intensitgfilesboth with regards to the
differences between ground and canopy lexeltron intensityand ground levehermal-te-epithermal-neutron-intensityt/e
ratios (Figures26Cand136D). The direction and magnitude of these changefoaral to be rather different depending on
the two forest canopy conceptualizations. For treelédTree trunk, Foliage, Aithe increase in biomass results in an
increase in thermal neutron intengifygure-12A)while the epithermal neutron intensity decreasegu(e 12B)-—TFhis
effeetis-almost-eonstant6C). From ground level apdo an elevation afpproximate\20 m-but the sensitivity to the
amount of biomass on the neutron intensity is atrtfessame. From 20 m height, the sensitidiégreasesharply-nrearthe

top-of-the-forestwith increasing elevation andtf@rmal neutrons the signal of biomass is almose@icanopy-_level

(not presented here). At canopy level, the seiitsitbn epithermal neutrons is reduced, yet, a stigignal remains.

Increasing the biomass in the Modrelliage from 0 t/ha to 50 t/hgFigure136D) results in a considerable increase in
ground level thermal neutron intensity (136 cts/fiable56) while at canopy level thermal neutron intensitygimost

unaltered. A further increase in biomass (>50 tfleyeases both ground and canopy level thermalameintensitiesFhis

{Figure13A)The epithermal neutron intensity decreases at gréearel and increase proportionally at canopy |eviéth

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

moderated by the biomass, resulting in reducedheprtal neutron intensity with greater amounts ofrfass. All models

provide in accordance to theory increasing epitlameutron intensity with height, yet, the redusezkpness of the

neutron height profiles with added biomass is uterpd. Oppositely to Moddiree trunk, Foliage, Airthe ground level

thermal neutron intensity decreases with added&®spn =~~~ - { Formatted: Highlight

As shown in Figs4--123, 6Cand136D the resulting thermal and epithermal neutron isitgrprofiles depend highly on the

chosen model-setup (forest conceptualization) hist $tage, we cannot determine which conceptualizés more realistic,

and we therefore choose to use both conceptualimin the further analysis.
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One-can-also-potentially-use-the-thermal-to-epitl@verall, a positive correlation is found for tiéferences between

ground and canopy level neutron intensity (theramal epithermal neutron energies) and the amounibafass (Figures

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

and measurements and modeling are not fully ineagest. Alternatively, one can also potentially tieet/eratio at the

ground level to assess biomass. The advantagatistly one station is needed - and that at a coamelocation. This

would also allow for surveys of biomass estimatitmbe conducted from mobile cosmic-ray neutroaristty detector

systems, e.g. installed in vehiclés

The measured and modeled ratios are again prousied both forest canopy conceptualization, i.ed®ldree trunk,

Foliage, Air(Figure168 and ModeFoliage (Figure1#9). The ratios are plotted against A) ground lelieftnal neutron
intensity, B) ground level epithermal neutron irsiéyy and C) soil moisture estimated using theméthod (Desilets et al.,
2010).Like-beferemeasurementsMeasuremanésprovided as daily averages, biweekly averagdsas a total average of

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

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

be independent of changes in the ground level thkeneutron intensity, the ground level epithernltnon intensity and
volumetric soil moisture. However, this independergnot seen in the measurements, where the gleuabepithermal

neutron intensity and soil moisture (Figufes=8Cand17€9Q in particular seem to impact the rattofairly-propertional
inerease-inOverall, fathegroundlevelthermal-to-epithermalratio-with-resipe-greater-amounts-of biomass-is-found

itFigure-16). Contrarily, when-using- Model

séedn Fig. 26—Fhe 8, a remarkable agreement is seen when

comparing théwo-year-averagereasurementis-consistentof the measured watiothereference-model-estimate of
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modeled value of Gludsted Plantatid®Q t/ha dry above-ground biomassd-the, Figure 8). THaiweekly averages of
measurements are all within the ratios modeledimmass of 50 t/ha - 200 t/ha. For the Mdgeliage in Fig.17#-the-twe-

year-average-ofthe measurechtios-correspends-to-approximately-the-modeledevaf ratio is in better agreement with a

lower biomass50 t/ha dry above-ground biomaséeresver,) andhe biweekly averages of the measuremertgedare
much wider exceeding bothe lower and upper boundary of ratios providedhgymodels of 50 t/ha and 400 t/ha dry

above-ground biomasa. fairly proportional increase in the ground let/el ratio with respect to greater amounts of

biomass is found when using Modeke trunk, Foliage, AifFigure 10). Contrarily, when using Mod&dliage, a more

uneven increase in the ratio with increasing anmohbiomass is provided. A major increase in tfeeigd level t/e ratio

of around 0.22 appears from no vegetation to abioye-ground biomass of 50 t/ha. However, additiamsunts of
biomass only increase the ground level t/e ratghtly. With additional 350 t/ha biomass (from B0at to 400 t/ha dry

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

4. Discussions

4.1. Neutron height profile measurements and forest conceptualization

Slightly different neutron height profiles and té&ios were measured during the field campaigiéamember 2013 and

March 2014 (Figures 3-5). The area average soistu@ was similar for the two field campaigns, #meldifferent neutron

height profiles could therefore instead be a resfudissimilar soil moisture profiles or differeswil moisture of the litter

layer and the mineral soil. During two out of themgl sampling field campaigns different soil maist of the litter layer

and the mineral soil was observed at Gludsted &iamnt (soil samples were collected at 18 locatiwitkin a circle of 200
m in radius and in 6 depths from 0-30 cm deptlofeihg the procedure of Franz et al. (2012)). Aduiil, the different

neutron height profiles could also be a resulhefdifferent climate and weather conditions relatethe seasons of
detections (spring and fallHowever, both neutron profiles are within the resgf the daily time-series measurements and
we therefore still believe that they can be useithénassessment of the modeled neutron profilesfufare studies we
recommend soil sample field campaigns to be comduath the days of neutron profile measurements.

The neutron transport at the ground-atmospherefacie was found to be sensitive to the level of plexity of the forest

canopy conceptualization, yet, the more appropdateeptualization was not identified. Improved pamability to

measurements may be obtained by advancing thet fmrepy conceptualization. Currently, one tregeined and
repeated throughout the model domain. The treeplaced in rows and the same settings are applisd the ground

surface to 25 m height. In order to advance thesfiocanopy conceptualization, trees of differemglits and diameters

could be included, and the placement of the treadde more according to the actual placemenieefstat the forest field

site. Additionally, variability in tree trunk diartes, foliage density and volume with height abdwve ground surface could

be implemented.
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4.2. The sensitivity on neutron intensity to soil chemistry and dry bulk density
In contrary to Gludsted Plantation, the sensitititysoil chemistry on thermal and epithermal neutrtensity profiles was

found to be more substantial at Voulund Farmlanddi&asen et al2016). The soil organic matter content at Voulund
Farmland is smaller and the soil chemistry is, pkf®m a few elements (added in relation to famgrawctivities; spreading
of manure and agricultural lime), similar to Glugt$tPlantation. Modelling shows that the sensititdtgoil chemistry at
Gludsted Plantation is dampened by the considerabtaunt of hydrogen present in fiteer at the forest floor and the
forest biomass (not presented here). Accordinbly gffect of litter and mineral soil dry bulk deiysdn neutron intensity is

expected to be greater at non-vegetated field Hite.reverse effect of increased dry bulk dendititter and mineral soil

on neutron intensity is a result of the differeleneental composition of the two materials. The picitbn rate of low-

energy neutrons (<1 MeV) per incident high-energytron is higher for interactions with elementhigfher atomic mass

(A%® where A is the atomic mass) (Zreda et al., 2082pvier elements are in particular found in mihscil and an

increase in the dry bulk density entails a highedpction rate and therefore higher neutron intgn3ihe concentration of

hydrogen is increased with an increased dry butisitie of litter material resulting in a greater neoattion and absorption

of neutrons, and as a consequence lower neutrensities. To summarize, the mineral soil acts moducer of thermal

and epithermal neutrons, while the litter actsraaltzsorber.

4.3. The potential of cosmic-ray neutron canopy inter ception detection
Ground level thermal neutron intensity was foun8ecsensitive to canopy interception, howeverstheal is small and

within the measurement uncertainty at GludstedtBtam.In order to obtain a signal-to-noise ratio of ther an 11-hour-
integration time or 11 detectors similar to thetalied are needed. However, longer integration simy@ not appropriate
when considering Gludsted Plantation as the retore of canopy interception (cycling between préaipon and
evaporation) often is short (half-hourly to houtitme resolution)Although the change in the tatio with wetting/drying

of the forest canopy is small the canopy intercgpihay potentially be measured using cosmic-rayropuntensity
detectors at locations with: 1) a high neutronristity level (lower latitude and/or higher altitu@,more sensitive neutron

detectors, and 3) greater amounts of canopy ingdorewith longer residence time (e.g. snow). W t future studies

investigating the effect of canopy interceptiontio® neutron intensity signal to be performed aafions matching one or
more of these criteria.

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

Including biomass to a system increases the coratemt of hydrogen and leads to reduced neutr@naity as the

moderation and absorption is intensified. Despiig, increased thermal neutron intensity is prodidéth greater amounts

of forest biomass using Mod€&tee trunk, Foliage, AirWe hypothesize that forest biomass enhanceathef moderation

more than the rate of absorption. Thus higher thérmautron intensity is obtained as the numbehefrhal neutrons

generated by the moderation of epithermal neutesneeds the number of thermal neutrons absorbésib€havior may

be due to the large volume of air within the forestopy. The probability of thermal neutrons teiatt with elements

within this space is low as the density of airow. Applying ModelFoliage both thermal and epithermal neutron intensity
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decreases with added amounts of biomass. The oeytzthavior (compared to Modétee trunk, Foliage, Ajrmay be

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

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

The discrepancy of measured and modeled grountitlevetios (Figures 8 and 8puld be related to: 1) shortcomings i - - ‘[Formatted: Normal

the model setup, i.e. a need for an even morestiealorest conceptualization, and more detailedi @mto-date forest

information A model including a sufficient representatiortiut field site will provide neutron height profilaad t/e ratios

more representative of the real conditio2sdiscrepancy of measured and modeled energesaas discussed in

Andreasen et al. (2016), and 3) unrepresentativ@&sés estimate. The 100 t/ha dry above-ground lsismwas estimated
using LIiDAR images from 2006 and 2007 and therefmtecompletely representative of the 2013-2015ltmms (because
of tree growth). Furthermore, the biomass estimatieed considerably within the image (standard aléan = 46 t/ha), and

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

4.5. Cosmic-ray neutron biomass detection
Theproposed possibility of estimating biomass at ddmeter scale usinground levethermal-to-epithermalneutron

atensityt/e ratios was tested. The modeled grdewel t/e ratios compared wittneasurements dvo additional field

siteslocatedclose to Gludsted Plantation. The three fieldssitave similar environmental settings (e.g. neuimtensity,

soil chemistry), though different land coverih different amounts of biomagstubble pasturernd,heathlandand forest

At Voulund Farmland the ground leviblermal-to-epithermalt/matio was measured to be 0.53 and 0.58 on Septezéble
and September #2015, respectively. Only minor amounts of organatter were present in the stubble and residual of
spring barley harvested in August 2015. Additiopdlhe ground levehermal-te-epithermalt/matio was determined based
on modeling of bare ground and site specific dodrnistry measured at Voulund Farmland (Andreasah,e2016). The
modeled ratio was found to be 0.56 in agreemeitit thi¢ measured ratios. The ratio modeled basedeondn-vegetated
conceptualization of Gludsted Plantation was shghigher (0.60, see Figures 16 and 17). Here, em@hick litter layer
was included in the model. The sensitivity analysighe effect of litter layer on neutron intengijgure 8 and Tablg6)

implies that lowethermal-te-epithermal-neutron-intensitiesgrounaleie ratiosare found at locations with a thin or no
litter layer.

The ground levethermal-to-epithermatnedtrontiatio at the Harrild Heathland was measured t6 @i&ing the period
October 27 to November 16 2015. The ratio is slyghigher than the non-vegetated model for Glud$tieahtation-yet,
beth. Both field sites hava considerable layer of litteandseme-ameunt-of the slightly higher t/e ratio refatio the non-

vegetated Gludsted Plantation may be dugidmass in the form of grasses, heather plantbastesarepresent athe

Harrild Heathland-
due-to-this-smallerameountof-biomass Gludsted Plantation, the ratio is 0.73 for dbove-ground biomass equivalent of
50 t/ha. Accordingly, the ratio measured at Harrlathland is somewhere in between the ratio mddefea non-

vegetated field site and a field site with biomegsivalent to 50 t/ha dry above-ground biomass.
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Fhe-modeled-decrease inMeasurgrgund-level thermal-to-epithermalt/mtiosfor biomass estimation at a hectometer
scale is promising as the measured ratio incresitesmalerincreasingmounts obiemass-are-in-ine-with-the

easuremen spduetec i therhreafeld s esalbehomisip conddiasinaln o esvs e litter and

Deteeting-thebiomass according to modeling. Sjibund levethermal-te-epithermatneutrontfatio detectionat locations— - - {Formatted: Normal

of known biomass should be accomplished to tesstiggestedelationship-ebtained-using-the-ferest-eanopy
conceptualization-of Meddlree-trunkoliage-ArelationshipsWe recommend a detection system with higher teitygi

to be used when a location of low neutron intensitgs (like Gludsted Plantation) is surveyed, ssleng periods of
measurements can be conducted at each measurexeidn. This can be accomplished by using largesars, an array
of several sensors and/or sensors that are maceeff as is done in roving surveys (Chrisman Zretla, 2013; Franz et
al., 2015).

5. Conclusion
The potential of applying the cosmic-ray neutraemsity method for other purposes than soil moéstietection was
explored using profile and time-series measurem&megutron intensities combined with neutron tpors modeling. The

vegetation and subsurface layers of the forest iraetap were described by average measurementsstinthtessnd-a

emarkable-agreement-was-found-for-measured-andlatbthermal-and-epithermal-neutron-intensitv-rsfivithout

adjusting-parameters-and-variables—Fellewing car Forest canopy conceptualizations of increaswmplexity were

used. Without adjusting parameters and variablesleted thermal and epithermal neutron intensityilesocompared

fairly well with measurements, yet, some deviatifmsn measurements were observed for each of theféoest canopy

conceptualization models. The more appropriatesftaranopy conceptualization was not obvious froerésults as the

best fit to thermal neutron measurements was fasimh complex forest canopy conceptualization udiclg a tree trunk

and multiple materials, while the better fit totbprmal neutron measurements was found using tis¢ simaple forest

canopy conceptualization, including a homogenoverlaf foliage material. Aensitivity analysis was performed to

quantify the effect of the forests governing parterevariables on the neutron transport profiles.

Fhe-groundevetthermal-to-epithermalThe sensitiof canopy interception, dry bulk density ofdittand mineral soil,

and soil chemistry on neutron intensity was foumte small. The ground level eutron ratio was found to increase with

increasing amounts of canopy interception and tmtééependent of ground level thermal neutron iritgnground level
epithermal neutron intensity and soil moisture. ldoer, the increase was minor and the measuremeattamty exceeds
the signal of canopy interception at a timescaf@egriate to detect canopy interception at Gludsteahtation (half-hour
to hourly).Hewever-the Thaignal of canopy interception can potentially &ated in measurements from locations of
higher neutron intensities (lower latitudes andhigher altitudes) with canopy interception of longesidence time and
larger storage capacity (e.g. snoter-seibmeoisturethe-rextmostimportant-vatkisbaffecting-reutronNeutrantensity
profiles-were-the-thicknesses-ef thewas found tmbee sensitivity tditter layer, soil moistureandthe-ameunt-of-abeove-
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greundbiomassat the forest field siteAn increased litter layer at the forest floorukésd in reduced neutron intensities,

particularly for epithermal neutronis
ntensity-profiles-significantly. Forest biomass viasnd to alter the thermal and epithermal neutransport significantly,
both in terms of the shape of the neutron profiled the t/e neutron ratios. The response to altmezlints of biomass on

thermal and epithermal neutron intensity is norgugifor the simple and complex forest conceptutidinaand further

advancement of the forest representation is thexefecessary. Still, cosmic-ray neutron intensifedtion for biomass

estimation at an intermediate scale is promisBath the difference between ground and canopy tkeemal and

epithermal neutron intensity, respectively, andgt@ind levethermal-to-epithermalneutrontfatioswere-changedwas

found to increaswith additional amounts of biomassising the simple and complex forest canopy cotuedization.The

best agreement between measurements and modekngbitained for the ground levlermal-te-epithermalt/aeutron //’
I

ratio using a model with a complex forest canopyoeptualizationFurthermereAdditionallythe modeled ratios were |
found to agree well with two nearby field siteshilifferentiand-ceversamounts of biomassbare ground agricultural
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Tables
Table 1 — Dynamics of different hydrogen pools.

Transient

Static Quasi-static Dynamic
Soil moisturt X
Tree roots
Soil organic matter X
Water in soil minera X
Vegetation (cellulose, water) 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 apdbdik density (bg,) of the litter layer and the mineral soil at Gltets

Plantation field site. Tree height and diameterrapeesentative 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 Danliéiture Agency
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Table 3 — Chemical composition of major elementSlatisted Plantation determined using X-ray fluoeese 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 conceptualizatiohModel Tree trunk, Foliage, Air**Reference model.

Models

No vegetation 50tHa  100thd* 200 tha’ 400 t ha
Dry above-ground biomass [t fia 0 50 100 200 400
Wet abov-ground biomasst he] 0 91 182 364 7217
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 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] * 6.67 x6.67 4.72x4.72 .38x3.34 2.36 x 2.36
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Fable-5Table 5 — Modeled ground level (1.5 m) asdgopy level (27.5 m) thermal neutron intensity apithermal neutron

intensity for the Gludsted Plantation models inahgdfour different forest canopy conceptualizati Fig. 3).

Thermal Thermal Epithermal Epithermal

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) aadhopy level (27.5 m) thermal neutron intensity epdhermal
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-modaliven-inFig—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 excludiod organic matterthird order complexity, Gd;_(second order

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

Thermal Thermal Epithermal Epithermal

15m 275m 1.5m 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+Foliage 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*
| MedelFree-trunk-AirFoliage 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) 00cem 504 257+  623* 717 | - = { Formatted: English (U.S.) J
| ModetTree trunk.Air-Foliage 7.5cm 11 4 26 22 ~ { Formatted: English (U.5.) )
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*
Higherbellittelayer - { Formatted: Not Superscript/ Subscript J
ModelFree-trunk-Air—Foliage bdyy -7 -5 -10 -6
Higherbelypesminergfsoi - { Formatted: Not Superscript/ Subscript J
bdyr, 15 5 17 10
Lowerbey litter layerbdyy, 7 2 14 o - { Formatted: Not Superscript/ Subscript J
Lowerbeppeminergsoil - { Formatted: Not Superscript/ Subscript J
bdyry -26 -13 -22 -18
Canopy interception models (Fig.
106B) Dry canopy 504* 257* 623* 717*
Meodelree-trunk:-AlrFeliage 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 6815 813+
| ModelFoliage No vegetation -136 29 41 28
50 t ha' 0 24 13 23
200 t ha -9 -32 -26 22
400 t ha -48 -59 -82 73
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Figure 1 — Map showing the location of the threddfsitesG: Gludsted Plantatigr{light gray), V:Voulund Farmland
(beige)andH: Harrild Heathland(purple). The circles represent the footprinthaf neutron 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 ove
(3.9-40m
Horizontal model conceptualization { o0 o0 o0
as seen from above . . o0 o0

Figure 2 — Model conceptualizations of forest. A:farest canopy layer (model nanfet ha'); B: homogeneous foliage
layer with a uniformly distributed biomass (modahme:Foliage); C: cylindrical tree trunks with air in betweemddel
name:Tree trunks, Aly; D: cylindrical tree trunks with foliage in betere (model nametree Trunksfoliage); E:
cylindrical tree trunks enveloped in a foliage-cowéth air in between (model naméree trunks, Foliage, Ajir The bottom

four figures illustrate the forest conceptualizatseen from above.
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Thermal neutron intensity profiles
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Figure 5—Sensitivity-to-soibmoeisture-(Medilee-trunkFoliage-A) Measured and modeled (A.) thermal and (B.)

epithermal neutron intensity profiles at GludstéahBation. Hourly and daily ranges of variationtleérmal and epithermal
neutron intensities at ground and canopy levetHerperiod 2013-201%ludsted Plantation is modeled using four

different forest canopy conceptualizations (seeifé@).

Page 41 of 54



Epithermal neutron intensity profiles

Thermal neutron intensity profiles
T ‘ ‘ ‘ — Canopy surface — Canopy surface ‘ ‘,/,/ ,/ ,/ ‘,/ ,/
Model: Model: [N I
351 — @ -Soil moisture: 0.05 35 — ® -Soil moisture: 0.05 I’-;cl,-/ °>/ }'/ i
-<¢-0.10 -<¢-0.10 [T I
-= 018 -® 018 S
= 30° -0 -0.25 30| -0 025 T 1
% -+ 035 -+ 035 iddy ¢ *
S -0 045 -0 045 o S 4
E 25r Measured: 25 Measured: 3 y ’? : b
g """"" Hourlyrange |  |= Hourly range I:?:O: 3 :
g Daily range — Daily range oeom O .0
3 20/ ® Nov-2013 20| ® Nov2013 §§E °§ :’ 1
;’ O Mar-2014 O Mar-2014 zon & 3
— Standard deviation — Standard deviation
8 15- = 15F 0y Om O0®l @ i
: 35 ¢ §
e "
% S0 Sei 8
9]
- [ 75§ ’
[
LI
L | L O0¢Os K8 © i
5 S o0scm °
SXN) B _gESE
0 \ \ - S \ oL— \ ., mwom o, e | \
100 200 300 400 500 600 700 800 900 200 300 400 500 600 700 800 900 1000
Neutron intensity [cts/hr] Neutron intensity [cts/hr]
Thermal neutron intensity profiles Epithermal neutron intensity profiles
It ‘ ‘ ‘ Canopy surface — Canopy surface ‘ ‘ ‘,/ ,/ ,' ,l ‘J’ ,'
Model: Model: IR |
351 —® -Soil moisture: 0.05 35|~ ® -Soil moisture: 0.05 Q’ " ";.u ’J " i
~—<-0.10 - -0.10 e |
-® 018 - 018 e
RN I
E 30 - 0.25 30|~ "0.25 NN [
; —¢-035 —% 035 Trrd !
[E— - S N
S -7 045 - 045 som O 9
g 25r Measured: 25 Measured: _— I el
g AW e Hourlyrange | [« Hourly range
= SRR Daily range — Daily range M ] g
=]
o 20r ¥ xR ® Nov-2013 20| ® Nov-2013 D ,',’ S 8 1
o om0 O Mar-2014 O Mar-2014 ;
3 d . — Standard deviation — Standard deviation :
Fuf %N s i 7§
= Do . 540 o
T ) A 10i¢ C@
£ 101 om o 1 10p o8 O 8 i
el °§\\W\\\\ i st FO¢ Ge i
A. A ] B. | i o |
0 | | | | I | 0 | | | | | |
100 200 300 400 500 600 700 800 900 200 300 400 1500 600 700 800 900 1000

Neutron intensity

[cts/hr]

Neutron intensity [cts/hr]

Figure6—4 —Sensitivity to soil moisture (Modélree trunkFoliage, Air). Measured and modeled (A.) thermal and (B.)
epithermal neutron intensity profiles at GludstéahBation. Hourly and daily ranges of variationtleérmal and epithermal

neutron intensities at ground and canopy leveterperiod 2013-2015.
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Figure 5 - Sensitivity to soil moisture (Modebliage). Measured and modeled (A.) thermal and (B.) epitla¢neutron

intensity profiles at Gludsted Plantation. Hourhdadaily ranges of variation of thermal and epith@rneutron intensities

at ground and canopy level for the period 2013-2015
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Figure 8- Neutron intensities measured at Gludsted Plantit the time period 2013-2015 and modeled ugfiegModel

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

A.) ground level thermal neutron intensity, B.) gnd level epithermal neutron intensity, and C.uweétric soil moisture.
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Figure179— Neutron intensities measured at Gludsted Plamtanti the time period 2013-2015 and modeled ugieg t
Model Foliage. Ground level thermal-to-epithermal neutron intgnstio plotted against measured and modeled: A.)

ground level thermal neutron intensity, B.) groldexkel epithermal neutron intensity, and C.) voluricedoil moisture.
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Figure 10 — Ground level thermal-to-epithermal neutatio plotted against biomass equivalent toalrgve-ground
biomass of: 50 t/ha, 100 t/ha (Gludsted Plantatid@) t/ha and 400 t/ha using Modeée trunk, Foliage, Aiand Model

Foliage respectively.
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Canopy interception
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