May 18, 2019

Dear Dr. Chambon,

We are grateful that the referees agreed to review our revised manuscript (tc-2018-198), titled
Monitoring of Snow Surface Near-Infrared Bidirectional Reflectance Factors with Added Light
Absorbing [Particles], once again. We appreciate their new comments and revised the manuscript
accordingly. We believe that their suggestions continue to improve the structure and readability of
the paper.

In the following attachment, we respond to the referees’ comments, as before. We begin with
our response to Dr. Dumont and then address Anonymous Referee #3’s comments. Following our
point-by-point response is the marked-up manuscript showing our changes, which appear extensive
due in large part to the rearranging of paragraphs in the introduction and in section two. This
rearrangement is necessary to fully address Dr. Dumont’s remarks regarding the unclear motivation
for the study as well as their suggestions for improving the consistency within sections. Finally, we
carefully checked the manuscript for typos and misnomers, which led to a few changes including
added references, updated terminology, and refined equations.

We appreciate your complimentary report and hope that you find our latest revision more polished
and ready for publication in The Cryosphere.

Sincerely,

Jithe. AP~

Adam Schneider
amschne@umich.edu
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We appreciate Dr. Dumont’s second review. In addressing their comments, revising continues to
improve the overall structure of the paper. Here, Dr. Dumont points out some remaining concerns,
the most critical of which addresses the unclear motivation for the objectives stated in the intro-
duction. In the revised manuscript, we rearranged parts of the introduction to narrow in on the
foci of the study. This includes a revised paragraph that better presents our motivation, as further
described below (see comment 7).

1. Title, abstract and everywhere in the text : LAl can be a misleading acronym, the use of LAP
(light absorbing particle) is maybe to be preferred
We changed all instances of light absorbing impurities (LAIs) to light absorbing particles
(LAPs), including in the title.

2. Pl, Line 20 — Picard et al., 2009 did not use only spherical ice particles
We removed the reference to Picard et al., 2009 from this part of the Introduction, but still
cite their similar results in the Results and Discussion.

3. Pl, Lines 14-15 — LAP can also be living particles, maybe the recent review from Skiles et
al., NCC on LAP in snow can be added as reference in the introduction
Skiles, S. M., Flanner, M., Cook, J. M., Dumont, M., & Painter, T. H. (2018). Radiative
forcing by light-absorbing particles in snow. Nature Climate Change
In reference to biological LAPs, we added “microbes” to the list of LAPs in the introduction
and also included a reference to Skiles et al., 2018.

4. P2, Line 15 — References to SSA profilers such as ASSSAP, POSSUM or SMP are missing
Arnaud, L., Picard, G., Champollion, N., Domine, F., Gallet, J.C., Lefebvre, E., Fily, M. and
Barnola, JM., 2011. Measurement of vertical profiles of snow specific surface area with a
Icm resolution using infrared reflectance: instrument description and validation. Journal of
Glaciology, 57(201), pp.17-29.

Proksch, M., Lowe, H. and Schneebeli, M., 2015. Density, specific surface area, and cor-
relation length of snow measured by high-resolution penetrometry. Journal of Geophysical
Research: Earth Surface, 120(2), pp.346-362.

Because the POSSUM is very similar to the NERD, we added a sentence that briefly describes
its SSA retrieval method and also cites Arnaud et al., 2011. We also included the POSSUM in
the context of our motivation and now reference the authors in the description of the NERD
in section 2.2. We are unsure, however, where to include Proksch et al., 2015.

5. P2, lines 16-18 — “in isothermal snow, highly faceted snow grains” this sentence seems a
bit weird to me. Isothermal metamorphism and coarsening also happens for non faceted
crystals.

We rephrased this sentence, removing the “...faceted snow...” descriptor. We also moved this
revised paragraph before the introduction of SSA measurement methods to provide readers
context for how snow SSA is used to evaluate snow metamorphism.

6. P2, lines 25 and below — The beginning of the paragraph is a bit difficult to follow. I agree
with the general idea I don't see any clear link with the objective of the paper and I would
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remove it. I would also reverse the order of the two objectives in accordance with the paper
structure.

We rewrote the beginning of the paragraph to clarify the motivation for our study. As sug-
gested, we also reversed the order of the objectives to align with the rest of the paper.

. General remarks on the introduction: I am not all questioning the utility of the instrument

and measurements but from the sole information provided by the authors, it is a bit difficult
to understand why a new instrument is needed and what are the specifications. Regarding
the objective one, I would also recommend that this quantification of snow albedo feedback
impact on metamorphism be justified in light of previous studies and measurements.

To clarify the purpose of the study, we added a couple sentences regarding the limited access
to appropriate snow SSA instruments. In doing so, we attempt to find the optimal balance
of motivating the need for the new instrument without implying that snow SSA instruments
do not exist. We hope that the revised manuscript sufficiently motivates the desire for an
inexpensive instrument that can be used to monitor snow surface SSA with added LAPs, but
does not suggest that established snow SSA measurement methods are inadequate.

. Maybe start by section 2.3 (modeling) and then 2.2 and 2.4 (two “measurements” sections)

This is a good suggestion that improves the consistency of the overall structure of the paper.
We are particularly thankful for this suggestion. We rearranged section two to begin with the
numerical simulation methodology.

. Section 2.2.2 lines 24-26 — Is it possible to provide the absolute changes calculated in SSA,

also maybe give explicitly value of tau and n.
Yes. This information is now included in the text at the end of section 2.3.1.

Section 2.4.2 what is the approximated mass of dust that was spread on the snow surface?
30g m-2 ? How does it compare to values from Skiles and Painter, 2017?

Yes. We deposited 30 grams of filtered sand over 1 square meter of snow. This dust flux was
the largest dust deposition event observed by Skiles and Painter, 2017. We clarified this a bit
in the text.

P7, lines 6-9 — What s the point of the last sentence? It needs to be removed or detailed a bit
more.

For a fixed particle size, differences in Monte Carlo simulated reflectances across particle
shape seem to vary with the particle’s asymmetry parameter. This intuitive hypothesis is
mostly speculative from Monte Carlo results beyond those presented in the manuscript. As
such, we removed the sentence in question.

P7 lines 10-15 — The information discussed here seems quite redundant with section 3.2, is
it possible in sake of clarity to remove redundancies?

This is a helpful comment that motivated us to rearrange parts of sections 3.1 and 3.2. In
the revised manuscript, section 3.1 presents results strictly from Monte Carlo simulations.
In section 3.2, we present snow BRF and SSA measurements and then compare modeling
results with measurements. In revising these subsections, we removed redundancies and
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improved the continuity of the presentation of results and discussion.

P7 lines 31— This is also in line with more theoretical studies such as Kokhanovsky and Zege,
2004 and Malinka, 2014.

Kokhanovsky, A.A. and Zege, E.P, 2004. Scattering optics of snow. Applied Optics, 43(7),
pp-1589-1602.

Malinka, A.V., 2014. Light scattering in porous materials: Geometrical optics and stereolog-
ical approach. Journal of Quantitative Spectroscopy and Radiative Transfer, 141, pp.14-23.
We added a reference to Malinka, 2014 in the description of the Monte Carlo model with
added details to better present our model in the context of similar studies. We also added
a reference to Kokhanovsky and Zege, 2004, making note of the agreement between their
theoretical framework and our modeling results.

P9, line 16 “realistic”, maybe a bit more details/references is required.
We changed “realistic” to “extreme” to better summarize our findings.

P9, lines 18-19— “initiated melting ” depends on the weather conditions (not only clear/cloudy),
and the snow albedo feedbacks is also present before melting.
We removed this speculative sentence.

P3 line 13-14, the authors stated that the measurement is not sensitive to small BC concen-
trations, but is it sensitive to the large amount of BC or dust used in the experiments ?

Large amounts of added BC and dust did have a (small) direct effect on measured BRFs.
We added details regarding measurements conducted soon after the initial application of the
LAPs to the text, including how much large LAP applications affected BRF measurements.

P1, Line I — snow albedo -> broadband snow albedo
We added the word “broadband.”

P1, Lines 11-12 — the last sentence should maybe be move after measurements (line 8)
We moved the last sentence to after the measurement summary.

P1, Line 9 -10 — “These findings ... " as stated in the main text, the results here is not a new
finding so maybe rephrase
As such, we changed “These findings...” to “These results...”

P1, Line 22 — “its effective radius” -> “its effective radius, Re”
We now define “sphere effective radius, r.,” verbatim at the beginning of the second para-
graph in the introduction.

P2, lines 23-24 — I would remove this last sentence,
We removed this sentence.

P3, line 20 — “Flat paint” the details provided in the response to reviewer are maybe useful
in the text of the paper too.
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We added a few details regarding how we tested the black paint at the end of the second
paragraph in section 2.2.

P4, line 3 — “at most a couple of centimeters” a few references would be useful for the reader
here.

We added references to Smith et al., 2018, Kaempfer et al., 2007, Grenfell et al., 1994, and
Brandt and Warren, 1993. They provide further information regarding volume scattering in
snowpack.

P5, line I - “were conducted” -> “were conducted only” ??
We conducted contact spectroscopy measurements only for two snow samples (DH_2016
and RG_2015). We rephrased this sentence to clarify this point.

P5, line 5 - “at random” -> maybe one word is missing
We revised the section (2.1) relevant to this comment and removed the poor phrasing.

P5, line 13 - typo for snowpacks
We changed all instances of the typo “snow pack” to “snowpack.”

P5, lines 15 -20 — maybe explain why a different choice is conducted for spheres and for the
other shapes.

We added the detail that we use the HG phase function for spheres to improve computational
efficiency.

P6 — first paragraph. I am a bit confused by all the different numbers of photons. In the end,
1,000,000 photons was chosen for the simulations ? maybe just rephrase this section.
There are indeed a lot of photons. We revised this paragraph, now at the end of section 2.1,
to hopefully mitigate any lingering confusion.

Pé6, line 12 — “were sifted” -> which diameter ?
We added details regarding how particles were filtered (roughly 1 mm diameter).

Po6, line 22 — I don't think that diffuse radiation is isotropic for cloudy conditions. Maybe
rephrase “nearly isotropic”.
We removed the term “isotropic,” instead using only “diffuse.”

Figure 5 [47] is quite difficult to read, maybe the model results can be shown in black without
markers to ease the comparison with the NERD measurements?

We changed the colors of the modeling results in figures 3 and 4 to black, for Monte Carlo
results, and gray, for SNICAR results. We kept the markers, however, to more easily distin-
guish between shape habits.

P8, lines 19-22, “As expected”, “typically” : can you provide any reference for that ?
We cannot provide any references. As such, we removed language suggesting that higher
snow SSA derived from contact spectroscopy than from X-CT is an expected result.



33. P8, line 33 — “little to no effect” -> during the time of the experiment? “only” 16 hours
We clarified that the results from this experiment pertain only to the 16 hours during which
it lasted.

34. Figure 6 and Figure 7 : it is quite difficult to guess what are the limits of the errors bar, can
it be modified ?
We shifted data in figures 6 and 7 by 15 minutes, for added BC experiments, and by 30
minutes, for added dust experiments. This actually better represents measurement data, as
roughly 15 minutes elapsed between data collection between these snow plots.

35. Legend of figure 7, the labelling is different for the upper and lower panels, maybe homog-
enize.

We homogenized the labeling, as suggested.

We are grateful that Anonymous Referee #3 decided to review our revised manuscript, as their first
review motivated us to change the main foci of the paper. Without their thoughtful suggestions,
the presentation of our key results would have been obscured by an ineffective writing style. We
are glad that they believe the revised manuscript is improved and wish to give credit to them for
helping us better communicate our results. Below, we respond to their enumerated comments.

1. I think the authors present a streamlined and much-improved revised version of their manuscript.
They also addressed in great detail the comments I had about the initial manuscript, which 1
appreciate. I only have a few minor comments regarding the revised manuscript (see specific
comments below).

Thank you for reviewing our manuscript(s)! We addressed the below specific comments in
a second revision.

2. While the main focus of the manuscript has shifted (and the manuscript benefits from this),
I would still encourage the authors to tackle a more detailed assessment of the snow SSA
measurement uncertainties for their NERD in the future (as they seem to allude to in the
final sentence of their conclusions). Unfortunately, such uncertainty analyses are still not
always provided when a(ny) novel measurement technique is introduced, yet they can be
highly valuable for the application of a(ny) novel measurement technique, especially when
trying to interpret initially puzzling measurement results from both a qualitative and a quan-
titative perspective or for an inter- comparison of different measurement techniques or when
comparing in situ measurements and remote sensing retrievals. For snow SSA measurements
with the NERD, one crucial component that should be included in more detail in a possible
future study is how the natural variability of snow at and near the surface and especially
within the NERD measurement volume may affect derived snow SSA values.

While this comment mainly concerns future work, in the conclusions, we added “...investi-
gation of the natural variability of snow near the surface” to the list of topics to include in a
follow on study.

3. page 1 line 23: I do not fully understand the different expressions for sphere effective radius
r_eff and Re; is one definition based on the ice surface area and the other one on the projected
area? Maybe the authors could either briefly clarify the difference or only introduce one of
the two effective radii here.



Yes. The definitions differ based on the surface area versus projected area. To eliminate
potential confusion, as suggested, we now only introduce one effective radius (r.) defined
by the surface area.

4. p.2 1.7, 9 and 12: I would suggest to remove the word ‘accurate’, because the usage of
the qualifier ‘accurate’ should also include information on how accurate the measurement
method is (i.e., accurate ... with an uncertainty of XYZ % or with an accuracy of better than
xyz m2/kg, for example). If such information about the measurement uncertainty cannot be
obtained or summarized easily, [ would just leave out this qualifier.

Throughout the manuscript, we removed all instances of the qualifier “accurate” when used
without corresponding uncertainty quantification.

5. p.4 L.2ff: To illustrate this point, the authors could provide the first figure that they included

in their author response in a Supplement to the article or in a second Appendix section, or
they could possibly cite a previous study that shows this shallow penetration depth of long-
NIR-wavelength radiation in snow.
We cited previous studies by Kaempfer et al., 2007, Smith et al., 2018, Grenfell et al., 1993,
and Brandt and Warren, 1993, from which the shallow penetration depth at longer NIR wave-
lengths can be inferred. If the editor considers it necessary, we will include a supplement that
further illustrates this point, as suggested.

6. p.51.1: Is ‘I nm’ correct? This should probably be 1 um (or 1000 nm).
Thank you for brining this to our attention. Yes, it should indeed be 1 pm. We corrected this
mistake.

7. p.61.24: Whatis ‘just a pinch’ of BC? According to the caption of Figure 7, this seems to be
< 1 g. I'would suggest to add this value here as well: ..., just a pinch (< 1 g) of BCand 30 g
of sand were deposited ...

As suggested, we inserted “(< 1 g)” as a rough quantification of the mass of BC used.

8. p.101.8: Again, without further specifying ‘accurate’, e.g., a specific accuracy that the NERD
aims to achieve, I would remove ‘accurate’ and rewrite the sentence, e.g.: ... are needed to
fully characterize snow SSA measurements by the NERD (technique). Further investigation

Throughout the manuscript, we removed all instances of the qualifier “accurate” when used
without corresponding uncertainty quantification (copied from response to comment 4, above).

9. p.101.9: Similarly as above for ‘accurate’,  would suggest to remove the qualifier ‘precise’.
Alluding to ‘quantitative uncertainties’ already implies that the accuracy and precision of
snow SSA retrievals will be the subject of the follow-on study.

By the way, I believe that such a study will be very valuable for the future application of the
NERD and the interpretation of the measurement results.

We removed this instance of “precise.”

Thank you! We are excited about the future development of the NERD and hope to continue
with a refined quantitative uncertainty analysis, as suggested (and needed).
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Caption of Figure 3: Remove comma before droxtals.
Removed.

Caption of Figure 6 + 7, and possibly in corresponding text of the article: I would suggest
to replace ‘standard errors’ with ‘standard deviations’.

Because each BRF measurement already averages 100 samples, we believe calculating stan-
dard deviations across the NERD BRF measurements are actually better described as “stan-
dard errors.”

Caption of Figure 7: Are the units of gm-1 correct, as in < 1 g m-1 and 30 g m-1? Maybe |

do not fully understand, but units of g m-2 would make more sense to me.

Thank you for catching this. We corrected these units to gm—2.
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Correspondence: Adam Schneider (amschne @umich.edu)

Abstract. Snew-Broadband snow albedo can range from 0.3 to 0.9 depending on microphysical properties and light absorbing
impurity-tAdparticle (LAP) concentrations. Beyond the widely observed direct and visibly apparent effect of darkening snow,
it is still unclear how EATLAPs influence snow albedo feedbacks. To investigate the -=AFLAPs’ indirect effect on snow albedo
feedbacks, we developed and calibrated the Near-Infrared Emitting and Reflectance-Monitoring Dome (NERD) and monitored
bidirectional reflectance factors (BRFs) hourly after depositing dust and black carbon (BC) particles onto experimental snow
surfaces. After comparing snow infrared BRFs to snow SSA, we found that both measured and modeled snow infrared BRFs

-1

are correlated with snow SSA. These results, however, demonstrate a considerable uncertainty of +/— 10 mzkg in the

determination of snow SSA from our BRF measurements. The nondestructive technique for snow SSA retrieval presented
here can be further developed for science applications that require rapid in situ snow SSA measurements. After adding large
amounts of dust and BC to snow, we found more rapid decreasing of snow BRFs and SSA in snow with added EAT-LAPs

compared to natural (clean) snow, but only during clear sky conditions. These

results suggest that deposition of LAPs onto snow can erhance-sprow-metamorphism-from-direct-solar-irradiance-via-accelerate
snow metamorphism via a net positive snow atbedo-feedback—The-nondestructive-technigue for snow-SSA-retrieval presente

1 Introduction

Common light-absorbing impurities (bAD-in-snow inelude-Snow cover modulates Barth’s surface energy budget by reflecting.
a large portion of the incident solar radiative energy flux. As snow melts, more absorptive surfaces are uncovered resulting in
particles (LAPs) within the snowpack, including elemental (black) carbon (BC), brown carbon, and-custparticulate-matier;

nd-at < 0 - O1an-at—-a 0O n—P < hace A




10

15

20

25

30

WWWWWMMWMWWMWMMM&SMW
Ice, and Aerosol Radiation (SNICAR) model (Flanner et al., 2007, 2009)pfediekﬁr&mt~ﬁiew7&bede+edﬁeﬁeﬂ%%ﬁ

collection of spheres can reproduce spectral hemispherical reflectances
Snow grain size is ermm to specific surface
area i i . SSA, such that SSA = S/nybvegg pice Rey—Expressions-of sphere-effectiveradit a7

is the density of pure ice (917 kg/m? at 0° C). Snow SSA is defined as the total ice-air interfacial surface area S to ice mass

m ratio, such that

S
SSA=S/m=—— 1
MMA/W @

expressed in terms of its total ice volume-mass or volume, V such-that-

SSA =5/m= oV

- In snowpack with large temperature gradients, the diffusion of vapor causes snow SSA to decrease during the natural
process of snow metamorphism (Flanner and Zender, 2006; Wang and Baker, 2014). In the absence of a temperature gradient,
an isothermal snowpack with snow grains with low radii of curvature undergo coarsening in a process driven by the Kelvin
effect, Ebner et al. (2015) show_that measurements of snow SSA evolution in isothermal snow_agree with the isothermal
snow metamorphism modeling framework developed by Legagneux et al. (2004) and Legagneux and Domine (2005). These
laboratory studies express snow SSA in isothermal metamorphism as a function of time ¢ as follows,

1/n
.
SSA(f) = SSA, (T H) : 2)

for initial snow SSA at ¢ = 0 and adjustable parameters 7 and n.

Snow SSA strongly affects absorption of infrared radiation. This relationship is evident from measurements of infrared

reflectance that are highly correlated with snow SSA for various snow types (Domine et al., 2006). Among others, Gallet et al.

sed-which can initiate the SAF and accelerate snow melt (Bond et al., 2013; Qi

~(Hagenmuller et al., 2016; Gallet e
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(2009) and Gallet et al. (2014) exploit this correlation in the aceurate-determination of dry snow SSA and wet snow SSA,

respectively, using 1.31 um directional hemispherical reflectance measurements (1.55 pm for measurements of snow SSA

> 60 m%kg~1). Arnaud et al. (2011) present the Profiler Of snow SSA Using SWIR reflectance Measurement (POSSUM)
which applies the theoretical formulations from Kokhanovsky and Zege (2004) and Picard et al. (2009) to derive snow SSA

from hemispherically averaged bidirectional reflectance measurements. Other studies establish techniques to aceurately-obtain
snow SSA using methane gas absorption (Legagneux et al., 2002) and X-ray micro-computed tomography (X-CT) in cold

rooms (Pinzer and Schneebeli, 2009). Matzl and Schneebeli (2006) also derive snow SSA using infrared photography. Other
techniques that are nondestructive enable the rapid retrieval of snow epticalty-equivalent-grain-size 1, from field measurements.
Gergely et al. (2014), for example, demonstrate an-aceurate-a technique to quickly determine the snow optically equivalent
diameter from 0.95 pum bi-hemispherical reflectance measurements. Painter et al. (2007) infer snow optical-grain-radivs(rer1)

1., from spectral hemispherical directional reflectance factor measurements using a contact probe and a spectrometer.

SSA-While previous studies monitor snow metamorphism in clean snow, in isethermal-metamorphism-as-afunection-of-time+

setallos

1/n
SSA — SSA0< ) .,
+1

for-initial-snew—SSAy-at-+=0-and-adjustable-parameters——situ_experimentation of how LAPs affect the snow grain-size
feedback diurnally in natural environments is challenging. These challenges can be partly attributed to the limited availabilit
of inexpensive snow SSA measurement devices that can operate quickly in the field, and #—DPemine-et-al(2009)-however;

to the numerous constraints on being able to
reproduce naturally occurring conditions for which LAPs in snow strongly influence the climate system. While the POSSUM
is a suitable instrument for this study, here, our first objective is to demonstrate the utility of a new instrument we use to quickly

obtain approximate snow

snow-atbedo-positivesurface SSA (with LAPs). Our second objective is to investigate the effects of added LAPs on the snow
grain-size feedback.




To-test-this-hypothesisIn the following sections, we first describe the-design-prineiple-a numerical model that simulates
multiple scattering in three dimensions to aid the design and calibration of the Near-Infrared Emitting and Reflectance Moni-
toring Dome (NERD);-an-instrument-that-is-placed-gently-onto-the-snow-surface-to-obtain-snow A—TFhe NERD-. Next, we
describe the NERD apparatus, which enables multiple 1.30 and 1.55 pum bidirectional reflectance factor (BRF) measurements

5 in just minutes with-minimal-alteration-of-while minimally altering the snow structure. To calibrate the NERD with respect

to snow SSA, we then compare snow BRFs with X-CT derived SSA and find-an-exponential-relationship-between-develop an
empirical relationship between measured SSA and snow 1.30 um BRFs. Theserelationships-are-also-explored-using-a-three
i i oton-transport-model—We-thenpresent-Finally, we discuss results from our EAFLAP in snow ex-
s-in which we monitored accelerated snow metamorphism. Overall,

10  this study demonstrates the NERD measurement technigue and conditions for which snow-metamorphism-the snow grain-size
feedback can be enhanced by the presence of EATLAPs.

periments -

2 Instrumentation and Methods

2.1 TheNear-InfraredEmitting Monte Carlo Modeling of Multiple Scattering in Snowpack

The Monte Carlo method is applied to numerically simulate three dimensional (3D) light scattering within an idealized

15 snowpack. Gaussian distributions (with 0.085 and Refleetance-Meonitoring-Dome~+0.130 um full width at half-maximums)
of photon wavelengths (centered around 1.30 and 1.55 um) were selected to model light emission by narrow-band infrared light
emitting diodes (LEDs). One by one, photons are initiated downward into the snow medium, as demonstrated by Kaempfer et al. (2007)
».and propagated in optical depth space. Extinction, absorption, and polarization are accounted for following the scattering
approach for geometrical optics described by Malinka (2014). Accordingly, random numbers (RN;) in the interval (0, 1) are

20  generated to determine the photon optical path lengths, /;, such that

I = n(1/RN) ®

before the first scattering event (7 = 0) and again after each scattering event . Absorption (and termination) of a photon can

occur during a scattering event if an additionally generated random number (between 0 and 1) is greater than the particle’s

single scattering albedo. When a photon is scattered, its new direction cosines are determined from an optimized “rejection
25 method” using the particles’ scattering matrices (Ramella-Roman et al., 2003).

To calculate snow BRF, 1,000.000 photons are propagated and traced through modeled snowpack until they are absorbed
or exit the medium. The snowpack is modeled as two phase (air and ice) media containing a regular arrangement of suspended
homogenous ice particles. Aspherical particle single scattering properties, including the mass absorption cross sections, asymmetry

arameters, single scattering albedos, projected areas, volumes, and scattering matrices were calculated by Yang et al. (2013)
30 for randomly oriented droxtals and solid hexagonal columns. For spheres, Mie Theory is applied, but with the analytical
Henyey-Greenstein phase function (van de Hulst, 1968) to improve computational efficiency. The subset of shape habits (smooth
droxtals and hexagonal columns) from the large dataset provided by Yang et al. (2013) was selected because these shape habits
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are purely convex solid ice. Because they are solid convex bodies, their SSAs can be computed from the their projected
areas and volumes (Vouk, 1948). Azimuthal mean BRFs are calculated according to the reflectance definitions presented by
Dumont et al. (2010) Hudson et al. (2006), and Nicodemus et al. (1977). Accordingly, photon exit angles are grouped into 30
exit zenith angle (¢,,) bins at three degree resolution. Azimuthal (¢) mean BRFs are calculated by zenith angle, 0, from the

27
R(0;;0,) = (2®;sin 0, COS@T)_l/dq)Td¢, 4)
0

where d®,. represents the reflected photon flux through discrete solid angle bins, In the denominator, the cos#,. factor satisfies
Lambert’s cosine law while sin#,. accounts for the zenith angular dependence of the azimuthally integrated projected solid

angle. Finally, the factor two is necessary to normalize the resulting weighting function w(6,.) = sin#, cos@,., as

/2

/ sin#,. cosf,.db = % @)
0

Statistical uncertainty was determined by computing BREs from simulations of Lambertian surfaces and tested using
different numbers of photons. Azimuthal averaging reduces the BREs” dimensionality, so that fewer photons are needed to
mitigate Monte Carlo noise. Eq. 4 was initially applied to Monte Carlo simulations of 75 thousand photons reflected by
various ideal Lambertian surfaces. At three degree (zenith angular) resolution, 30 and 60 degree BREs of Lambertian surfaces
were simulated accurately to within +/- 2 7. This margin of uncertainty was determined by computing RMS differences
between calculated and specified Lambertian reflectances ranging from 0 to 1. Across this range, RMS differences at 30 and
600 degrees were generally less than 0.01. In subsequent test cases, simulating snowpack BRFs with up to 10,000,000 photons
did not significantly change results when compared with simulations of 250,000 photons. Ultimately, it was determined that
simulations with 1,000,000 photons were appropriate for the remainder of this study.

2.2 Near-Infrared Bidirectional Reflectance Factor Measurements

The NERD yThe- NERD-is designed to measure 1.30 and 1.55 um BRFs. These wavelengths are selected for snow SSA retrieval
due to the strong dependence of snow albedo on « i r-size-(i-e-s i tus)-grain size in these parts
of the spectrum. Snow spectral albedo is simulated here using the SNICAR model to demonstrate this sensitivity (Fig. 1).
While snow spectral albedo is sensitive to snow eptieal-grain-sizer, (and thus snow SSA), it is not sensitive to small black
carbon concentrations at these wavelengths. Snow SSA can therefore be retrieved using 1.30 um and 1.55 um reflectance
measurements for snow with small black carbon concentrations.

The design principle is similar to the DUal Frequency Integrating Sphere for Snow SSA measurements (DUFISSS) (Gallet
et al., 2009). The NERD also uses 1.30 (1.31 in DUFISSS) and 1.55 wm emitters to illuminate the snow surface from nadir (15
degrees off nadir for 1.55 wm in NERD). The main distinction between the DUFISSS and the NERD is the type of reflectance
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measured. Gallet et al. (2009) use an integrating sphere to measure hemispherical reflectance. In the NERD, however, photo-
diodes are directed toward the illuminated surface in a black dome to measure BRFs, as demonstrated by Arnaud et al. (2011

. The interior of the dome is painted with a flat black paint to increase absorptivity and minimize internal reflections between

the dome and snow surface. To test the near-infrared absorptivity of the black pigment, the NERD was used to measure BRFs

of a painted black surface. All measured BRFs of the black surface were less than 0.03.
Four infrared light emitting diodes (LEDs) are mounted into a-the 17 cm diameter black styrene half-sphere. Two LEDs

with peak emission wavelengths of 1.30 pum are mounted at nadir and ten degrees relative to zenith and two LEDs with peak
emission wavelengths of 1.55 pm are mounted at 15 degrees off nadir (see Fig. 2). 1.30 um LEDs have spectral line half widths
of 85-am-0.085 pm and half intensity beam angles of ten degrees, while 1.55 um LEDs have half-maximum bandwidths of 130
am-0.130 um and 20 degree beam angles. These high powered, narrow beam infrared LEDs are-were selected to illuminate a
small oval (estimated major axes of 1.5 cm at 1.30 pm and 3.0 cm at 1.55 pm) of the experimental surface to maximize the
reflected radiance signal. The reflected radiance signal is measured using four InGaAs photodiodes mounted in two different
azimuthal planes (0 and 90 degrees relative to the illumination); two each at 30 and 60 degrees relative to zenith. Photodiodes
highly sensitive to light rangingfrom-800-te—1+750-nm-with wavelengths ranging from 0.80 to 1.75 um and relatively large
active areas (1 mm) are-were selected to maximize sensitivity.

Because the orientation of LEDs and photodiodes are fixed, reflectance factors of surfaces with negligible subsurface scatter-
ing can be obtained after calibration using two diffuse reflectance targets i

Gergely-et-al(2044);-and-Dument-et-al2040)(Gallet et al., 2009; Gergely et al., 2014; Dumont et al., 2010). These Lamber-

tian targets reflect incident light according to Lambert’s cosine law and appear equally bright at all viewing angles. By com-

paring the measured voltage signal from the experimental (snow) surface to that measured from the reflectance targets, two
BRFs at both 30 and 60 degree viewing angles are obtained for each light source. While subsurface scattering of visible light in
snow is pervasive (Smith et al., 2018), the light penetration in snow near 1.30 and 1.55 pum is at most a couple centimeters due

to the strong absorption features in the near-infrared (Kaempfer et al., 2007; Grenfell et al., 1994; Brandt and Warren, 1993).
Subsurface scattering is therefore assumed to be minimal and fully contained within each photodiode’s field of view. Therefore;

To validate NERD reflectance measurement accuracy, precision, and responsiveness, measured BRFs of reflectance stan-
dards are recorded after calibration. Ten BRFs () for each LED / photodiode viewing zenith angle (¢;:670;;6,.) combination
are measured in temperatures ranging from -20 ° to +2 °C. In general, NERD BRFs of the Lambertian reflectance standards are
accurate to within +/- 2 %. We quantify instrument precision (2 %) by computing root mean squared (RMS) differences from
repeated measurements (see Table 1). Linear regressions quantify the linear response (A) over the reflectance range of 0.41 to
0.95. Response uncertainty ranges from -2 % to +3 % and from +1 % to +3 % at 1.30 and 1.55 tum, respectively. These test

results indicate the NERD’s ability to obtain BRFs on smooth reflectance standards with a measurement uncertainty of 1-2 %.
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2.3 Snow Specific Surface Area Measurements

2.3.1 Snewsamples

Surface snow (just the top few centimeters) samples were collected in nature over the span of three years (winters 2015-2017)
and transported in coolers to the nearby US Army’s Cold Regions Research Engineering Laboratory (CRREL) in Hanover,
New Hampshire. Depth hoar samples, however, were instead grown inside the CRREL at -20 °C using a forced temperature

gradient. Snow samples are classified based on X-CT results according to Fierz et al. (2009) (Table 2). Snow SSA was derived
from X-CT analysis and contact spectroscopy, as described below.

2.3.1 X-ray miero-computed-tomography-Micro-computed Tomography (X-CT)

To determine snow SSA, X-CT was conducted on a class of six snow samples according to Lieb-Lappen et al. (2017). X-ray
(40-45 kV, 177-200 micro-Amps) transmission through cylindrical snow samples was measured at rotation steps of 0.3-0.4
degrees. To limit scan times to 15 minutes, exposure time was set to 340 ms at a cubic voxel resolution of 14.9 um. Processing
software enables SSA calculations from three-dimensional-3D morphology results (Pinzer and Schneebeli, 2009).

In some cases, snow samples were scanned several hours or days after snow BRFs were measured. To correct for natural
isothermal snow SSA metamorphism while samples were being stored, eq. 2 was applied with ¢ set equal to the total time
elapsed between NERD measurements and X-CT scan times and with #and-»-71 = 721.2 or 14400 and n = 2.15 or 0.32

AAAASAIARRAARAAANARRARAAAAAASLLSAAAARTE R

respectively, inferred from Ebner et al. (2015) depending on the snow sample type. Applying this correction yielded a SSA
decrease between 3 and 5 m? kg .

2.3.2 Contact speetroscopySpectroscopy

Snow SSA was also inferred from optical grain size measurements using contact spectroscopy (Painter et al., 2007). Snow re-
flectance spectra are-were collected using an ASD FieldSpec4 and high-intensity-a high intensity contact probe with reference
to a Spectralon white reference panel. The-effectiveradius-Snow 1 is determined from the normalized area of the absorp-
tion feature centered at approximately 1 am-pm using a look up table (Nolin and Dozier, 2000). These measurements were
conducted en-depth-hearereated-inside the CRREL in a cold lab only for the depth hoar (DH_2016) and ea-rounded grains
(RG_2015) samples.

24
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2.5 FEALHnSnewExperimental Procedure

Snow BRFs and SSA were measured throughout the day in the following dust and BC in snow experiments. Sand particles
and hydrophobic BC were sifted multiple times with a salt shaker (with holes of roughly 1 mm diameter) to filter out larger
particles. The filtered EAJTLAPs were then deposited onto experimental snow plots in an open field in Hanover, New Hampshire
on February 10 and February 16, 2017 shortly after fresh snowfall events. For each experiment, one square meter plots of snow
were designated as natural (control) or contaminated (experimental). Snow BRFs and SSA are-were obtained using the NERD
and from X-CT analysis, respectively. For each set of NERD measurements, 30 degree and 60 degree BRFs are both recorded
four times. BRFs are-were measured over two different locations within the experimental plot using two photodiodes at each

viewing angle (30 and 60 degrees).

2.4.1 Cloudy Sky with Diffuse Ambient Lighting (February 10experiment-(eloudy sky/diffuse-ambientlighting,
2017)

Early on February 10, experimental plots were loaded with BC until visible darkening was apparent. Snow BRFs were measured
shortly after 00:00, 03:00, 06:00 Eastern Standard Time (EST) (during the night), and then periodically throughout the day.

Because these plots were well shaded by tall trees, these measurements were used to monitor snow metamorphism without
the influence of direct solar illumination. Furthermore, mostly cloudy conditions on February 10 diffused-incoming-obscured
direct solar radiation so that ambient lighting was nearly-isotropiediffuse.

2.4.2 Clear Sky with Direct Solar Irradiance (February 17 i i ing, 2017)

On February 17, just a pinch (< 1 g) of BC and 30g-30 g of sand were deposited on-separate-experimental-(quasi-) uniformly
over separate one square meter plots. These surface-experimental deposition fluxes were selected to mimic extremeAT

deposition-the most extreme LAP loading events observed by Skiles and Painter (2017) in the San Juan Mountains in Colorado.
As in the previous experiment, snow BRFs were measured periodically throughout the day, however, all snow plots were in

full view of the clear sky to maximize incident direct solar irradiance.

3 Results and Discussion

3.1 Moente-Carlo-medelingNear-Infrared Reflectance Calculations for Regular Homogenous Ice Particles

To validate the Monte Carlo model for snow applications, we simulated 1.30 and 1.55 um narrow band black-sky albedo

e-for snow 7. ranging from 36 to 327 um (SSA = 80 to

10 m%kg 1) {see-and compared results with the SNICAR model (Fig. 3-left). As expected, Monte-Carlo-resultsfrom-snow

results—shew-results from Monte Carlo simulations yield slightly higher hemispheric reflectances for droxtals (for all SSA)
and solid hexagonal columns (for SSA > 40 m?kg~!) than theseealeutatedfrom—equal-SSA—for spheres and from the
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SNICAR model (Dang et al., 2016). For all particle sizes, Monte Carlo simulations using spherical ice particles generated
nearly identical narrow-band albedo values compared to those from Flanner et al. (2007). These results are also similar to the
numerical modeling results from Picard et al. (2009) and the analytical solutions from Kokhanoysky and Zege (2004). though
for different particle shapes. We-hy i tations i '

To inform on our choice of a snow BRF to SSA calibration function, Mente-Carle-simulated-snow-BRFs-are-caleulated-for

various—themegeneous)-we calculated BRFs from eq. 4 for various particle SSA ranging from 10 to 80 m?kg ™! and-plotied
against-measurement-data-inFig—4—(Fig. 4, line graphs). Generally, we found exponential (linear) relationships between 1.30
(1.55) pm BRFs and s 3-particle SSAs. Modeled 1.30 um BRE

ealeulations-BRFs are shghtly higher at 30 degrees than at 60 degrees for particle SSA > 30 m%kg . ; >

than-predicted-from-modelingaeress-al-SSA-For a given particle size, a different shape habit can yield a change in BRFs of as
much as 0.1. Monte Carlo modeling results yield the highest reflectances for droxtals and the lowest reflectances for spheres.

3.2 NERD-Relating Snow SSA-CalibratienSpecific Surface Area to Near-Infrared Bidirectional Reflectance Factors

To calibrate the NERD for snow SSA retrieval, we eompare-compared X-CT derived snow SSA with NERD snow BRF
measurements (see-Fig. 4). In general, measured snow BRFs are directly related to snow SSA. At 1.30 um BRFs range from
just under 0.2 (for low SSA) to as high as 0.7 (for high SSA) and are slightly higher at 60 degrees than at 30 degrees. We
observe-observed 1.55 um snow BRFs close to 0 (for low SSA) and as high as 0.2 (for high SSA). We ebserverecorded the
highest 1.55 pm snow BRFs at 60 degrees for fresh snow (needles). At 1.30 pum, measured 30 degree snow BRFs for varying
are in closest agreement with measurements at 30 degrees viewing for 1.30 pm. At 1.55 ym, measured BRFs are larger than
predicted from modeling across all SSA.

These results WWWMWMMWWMWaWOSS snow samplesin
i, and in modeling,
across shape habit, for both 1.30 and 1.55 um and for both 30 and 60 degree viewing angles. The spread in measurements,

in particular, indicates a considerable uncertainty in the ability to retrieve snow SSA from NERD-measured BRFs. While the
1.30 pm, 30 degree viewing zenith angle BRF combination most closely agrees with modeled BRFs, asimilar-margin-oef-error

atthe 60 degree viewing zenith angle can provide a second estimate of snow SSA. Reporting two snow SSA values using both

view angles can provide an estimate of the variability in SSA retrieval resulting from the angutar-dependenee-anisotropy of
the snow B@Pwmm the near-infrared —Mente-Carle30-degree BRFs-aretarger

Dumont et al., 2010).

10
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Our finding of the exponential relationships between snow SSA and 1.30 um BRFs is consistent with results from previ-
ous studies (Picard et al., 2009; Gallet et al., 2009). Gallet et al. (2009) also identify a linear relationship between 1.55 um

reflectance and snow SSA and use the longer wavelength in their DUFISSS to obtain measurements of high snow SSA (>
60 m%kg~!). In this study, however, nearly all snow samples are lower than this threshold. A-pessible-foHow-on-study-would

de—novw—ofF-hiahe A to-determinethe —O) mMm—novw—RBRECanmeas n-o ach—-new—of-e aemelv—hieh A

Snew-BRFs-Measured snow BRFs at 1.55 um observed-by-the- NERD-are higher than both hemispherical reflectance mea-

surements by Gallet et al. (2009) and those-predieted-from-Monte o-modeling—NERD-EEDs-Monte Carlo calculations.

This discrepancy might be explained by the NERD LEDs, which have full width at half-maximums-of-136-am-half-maximums

FWHM) of 0.130 um and emit non-negligible light at wavelength

thathigher thanexpeeted-measured1-55shorter wavelengths. Supplementary SNICAR and albedo calculations using a broadened
FWHM of 0.260 um-BRFs-are-caused-by-reflected-ligh shorter—wavelengths—Addittonal-SNICAR-modehngresults—and

Mente-Carlo-simulations-m support this hypothesis(see-, where values closer to the measured 1.55 um BRFs are reproduced
(Fig. 3, right).
In light of these empirical and numerical results, we propose the following general exponential form relating 1.30 pum snow

BRFs to SSA, such that
SSA = avexp(Ry.30) + 5 (6)

for 1.30 um snow BRF Iy 30. Using least squares regression analysis, we comptte-parameters-estimate “‘best fit” values for o
and [ for both 30 and 60 degree viewing zenith angles (see Fig. 5).

Ideally, an empirically derived calibration function would include SSA measurements from multiple methods to mitigate un-
certainties associated with collection methods needed for X-CT analysis. Such collection methods can easily change the snow
microphysical characteristics and lead to biases in the X-CT derived SSA. As a preliminary validation of eq. 6, we compare
snow SSA results to SSA derived from snow optical-effective-radii-r, measurements conducted using contact spectroscopy
in Fig. 5. Encouragingly, two out of three measurements fall within the bounds of the standard error of the regression. As
expeeted;—eontact-Contact spectroscopy snow SSA values are consistently higher than those calculated from X-CT analysis
and therefore-eq-are also higher than those determined by eg. 6. Beeause contact spectroseopy-measurements-typieatty-yietd

validation-This comparison provides a preliminary assessment of the NERD snow SSA-ealibrationBRE to SSA calibration
function.
Hereafter, we apply eq. 6 in the following EALLAP in snow experiments to estimate hourly snow SSA from measured snow

BRFs. Because the remainder of this study is concerned with relatively large changes in SSA, approximate SSA retrieval using

the NERD are-sufficientis useful to quantitatively assess spow-metamorphisa-in-the-presenee-of LAThow added LAPs affect
snow grain-size feedback and snow metamorphism.

11
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3.3 FEAl-enhaneedsnew-metamorphismLight Absorbing Particles’ Effect on Snow Metamorphism

First, to monitor snow metamorphism without solar heating, during the early morning (night) hours on February 10, we depesit
deposited BC onto an experimental plot after the previous day’s snow fall. Surface temperatures ranged from -14 to -9 °C.

We observed low to moderate wind speeds from the early morning hours through the afternoon with partly to mostly cloudy

conditions during the day. 1.30 wm snow BRF measurements conducted shortly after BC application indicate a direct darkenin
of 0.03 at 30 degrees viewing and 0.05 at 60 degrees viewing. While these decreased BRF values are considerable, this

experiment contained heavily contaminated snow with a high BC concentration unlikely to occur in nature. Despite the high
BC concentration, BRFs measured at 1.30 (1.55) um remained within 0.5 and 0.6 (0.1 and 0.2) throughout the day in both

Sx concentration,
contaminated and natural snow (see Fig. 6). X-CT analysis showed small differences in morning (49 m?kg ') and afternoon
(48 m%kg~!) snow SSA. Our results from-this-experiment-indicate that heavy BC loading had little to no effect on snow
metamorphism during the 16 hour experiment without direct solar irradiance.

Second, to monitor snow metamorphism occurring after forced large BC and dust deposition events under direct solar
illumination, on February 17, we set up a similar experiment in full view of the sun. Surface temperatures ranged from -4
to +2 °C. We observed minimal wind speeds and cloud cover resulting in calm, clear sky conditions. BRF measurements
by dust at 1.55 um. In natural snow, 1.30 um BRFs remained close to 0.5 throughout the day, with the lowest values (0.49)
recorded in the afternoon (13:00 EST) and the highest values (0.55) recorded in the morning (08:00 EST) and evening (17:00
EST). 1.55 um BRFs remained just above 0.1. In the dust loaded plot, snow 1.30 (1.55) um BRFs decreased rapidly from
above 0.5 (0.1) before 10:60am-00 to to below 0.3 (0.05) by +:60pm-13:00 EST. We found less extreme metamorphism in the
lightly contaminated snow with added BC, as BRF measurements decreased from above 0.5 (0.1) to below 0.45 (0.1). 1.30
um snow BRFs slightly increased thereafter (from 13:00 to 17:00 EST) in both natural and contaminated snow (see Fig. 7).
Snow SSA also decreased throughout the day. From X-CT analysis, we found morning snow SSA to be about 50 m%kg~!,
which thereafter decreased to 41, 23, and 18 kag_1 in natural, BC loaded, and dust loaded snow, respectively. NERD derived
snow SSA appears to be biased low in the afternoon dust loaded plot. This bias might be an indication of the presence of
liquid water that was also visible to the naked eye. X-CT scans performed on this snow sample are representative of refrozen
snow and do not conform to the isothermal snow SSA correction (eq. 2) applied to snow samples scanned several hours after
collection. In BC loaded plots, we observed a large spatial heterogeneity in measurements, indicating that small BC deposition
has a powerful localized effect on snow metamorphism.

These results suggest that realistie- bAT-extreme LAP deposition can accelerate snow metamorphism. The primary cause of
this accelerated process is enhanced absorption of solar radiation by EAILAP. Surprlslngly, added BC had little to no effect
on snow metamorphism during cloudy conditions. i
only-initiated-melting-during-elear sky-conditions—In the clear sky experiments, EAT-LAP enhanced solar absorptlon at the

surface which warmed the snowpack. As the snow surface began to melt, near-infrared reflectance decreased rapidly. Rapidly

12
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decreasing near-infrared reflectance is indicative of either the accumulation of liquid water from melting snow or decreasing
snow surface SSA.

Accelerated snow metamorphism by dust loading is consistent with the findings of Skiles and Painter (2017). The indirect
effect of EALLAP on snow is also demonstrated by Hadley and Kirchstetter (2012), where the albedo reduction due to the
presence of BC in snow is amplified in snow of lower SSA. This enhancement of snow albedo reduction is another source of
instability in the spow-paek-snowpack that increases the strength of snew-internal-albedo-the snow grain-size feedback. Typical
BC deposition events are very small, however, so it is difficult to reproduce natural BC concentrations when adding any BC to

a one square meter plot.

4 Conclusions

feedbaek-espeeially-LAPs in snow accelerated snow metamorphism and enhanced positive grain-size feedback during cloud
free, calm weather conditions when surface air temperatures are-were near 0°C. To obtain-quick;repeatable-measurements

of-sprow-SSA—witheut-destroying-samples;—observe this effect, we engineered an instrument (i.e., the NERD) that measures
1.30 and 1.55 pm BRFs-efsnow-snow BRFs without destroying snow samples. We evaluated NERD-the NERD’s accuracy,

precision, and responsiveness by testing with idealized Lambertian surfaces before obtaining snow BRFs. Notwithstanding the
limitations associated with retrieving precise snow SSA from BRFs, we proposed an analytical calibration function relating
snow SSA to 1.30 um BRFs. Our results lead to the conclusion that the NERD can provide estimates of snow SSA to within
+/- 10 m’kg .

The NERD will serve to further study the effects of EAT-LAPs on snow metamorphism and to explore the spatial hetero-
geneity of snow SSA. Because it can also operate quickly, NERD measurements can complement satellite borne observations
during narrow sampling windows. To fulfill these pursuits, however, a more comprehensive snow SSA measurement validation
is needed —Additionalto fully characterize snow SSA measurements by the NERD technique. This would include additional
independent measurement methods thatinelade-on snow samples with a larger snow SSA span from a variety of environmen-

tal conditions and further experimentation into the small scale effects on NERD-snow BRF measurementsare-needed-tofully

justify-the NERD-as-an-aceurate snow-SSA-measurement-technique. Further investigation inte-the-miere-physieal-limitations

and-of the natural variability of snow near the surface and the related quantitative uncertainties associated with the preeise
retrieval of snow SSA from near-infrared-BRFE-measurements—is-NERD measurements will be the subject of a foHow-on

study—follow on study. Such a study will also include snow of higher SSA to determine the utility of 1.55 um snow BRFs
in measuring fresh snow of extremely high SSA, as demonstrated by Gallet et al. (2009). This would help expand the utilit

of the NERD measurement technique for future Arctic and Antarctic campaigns, building on the polar studies conducted b
Legagneux et al. (2002) and Libois et al. (2015).
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Code and data availability. Plot data referenced in this manuscript and associated Python scripts used to generate figures are made available

via the University of Michigan’s Deep Blue data repository (Schneider and Flanner, 2018).

Appendix A: NERD Photodiode Current Amplifiers

To detect reflected radiance signals, photodiodes are reverse biased to induce currents linearly related to the amount of light
incident on its active region. Because these light signals are reflected from the experimental surface, the currents induced
by the photodiodes are very small (nano- to micro-Amps). To measure the small currents, the photodiodes are connected
to transimpedance amplifiers. The transimpedance amplifier circuits convert and amplify the small photodiode currents into
measurable voltage signals.

Two NERDs are engineered with different photodiode current amplifications. Photodiode current amplification is determined
by the feedback resistance in the transimpedance amplifier circuits. Active low pass filters are applied between the amplifier
and the analog-to-digital converter (ADC) to reduce noise. This filter is designed to have a time constant of less than 0.5

seconds to achieve balance between adequate noise reduction and speed.
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Figure 1. Black sky spectral snow albedo under nadir illumination. Snow albedo is simulated by the Snow, Ice, and Aerosol Radiation

(SNICAR) model (Flanner et al., 2007). Dashed-dotted curves represent clean snow of medium-high SSA (60 m? kg™ *, gray) and medium-

low SSA (20 m? kg~ !, black) to show the dependence of snow albedo on snow SSA. Dotted curves represent contaminated snow with

uncoated black carbon (BC) particulate concentrations of 100 ng g~ *.
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Figure 2. Near-Infrared Emitting and Reflectance-Monitoring Dome (NERD) schematic (top) and photographs (bottom). The photograph
on the bottom right shows the (radial) placement of photodiodes and LEDs (toward the center) within the dome.
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Figure 4. NERD SSA Calibration. All panels contain NERD measured and Monte Carlo modeled (connected line segmentsblack) modeled

BRFs (1.30 um, top; 1.55 pum, bottom; 30 degrees viewing, left; 60 degrees viewing, right) scattered against snow SSA. NERD BRFs are

scattered against X-CT derived snow SSA. Line segments connect Monte Carlo modeled BRFs of snow mediums comprised of spheres (filled

circles, dashed lines), droxtals (stars, solid lines), and solid hexagonal columns (diamonds, solid lines). Snow sample key codes, symbols,
and colors conform with the physical snow classification standards defined by Fierz et al. (2009) (Table 2). Vertical error bars on NERD

BRFs represent standard deviations calculated from multiple azimuthal samples. Horizontal error bars on X-CT derived SSA, where present,

represent standard deviations from multiple scans on similar snow samples.
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Figure 5. Snow 1.3 um BRF to SSA exponential regressions. Markers with standard error bars represent SSA, measured with X-CT",

scattered against nadir 1.30 um 30 (left) and 60 (right) degree BRFs, measured by the NERD. Solid curves represent exponential regression

functions and dashed curves represent standard errors of the regressions, such that at 30 degrees viewing, o = 88.7 (+/- 9.50) m*kg ™" and 8

=-103 m%kg~'; and at 60 degrees viewing, o = 91.7 (+/- 10.13) m*kg ™" and 8 =-113 m?*kg .

“Hollow triangles (blue, depth hoar; pink, rounded grains) represent snow SSA measurements derived from contact spectroscopy.
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Figure 6. February 10 Control Results (mostly cloudy). All panels contain NERD measurement data collected from-1200:00am 00 through
517:00pm 00 Eastern Standard Time (EST) on February 10, 2017. Filled circles connected by solid lines represent measurements on natural
snow. Filled squares connected by dashed lines represent measurements on snow heavily contaminated by hydrophobic BC. In the top row,
blue (green) curves represent 1.30um (1.55pum) BRFs at 30 degrees viewing — on the left — and 60 degrees viewing — on the right. Error
bars represent standard errors calculated from sample averages from as many as eight locations within each square meter plot. In the bottom
figure, blue curves represent NERD calibrated SSA from 30, left, and 60, right, degree viewing BRFs. Red curves represent SSA derived

from X-CT scans. Error bars represent NERD calibration uncertainty computed from regression analysis (standard errors of the gradients).
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Figure 7. February 17 Experimental Results (clear sky). All panels contain NERD measurement data collected from707:00am 00 through

517:00pm 00 EST on February 17, 2017. Filled circles connected by solid lines represent measurements on natural snow. Filled squares
—1—

connected by dashed lines represent measurements on snow lightly contaminated (< 1 gm=~2) by hydrophobic BC. Triangles connected by

dotted lines represent measurements on snow contaminated by sand dust (30 gm—L"2%). In the top row, blue (green) curves represent 1.30um

(1.55pum) BRFs at 30 degrees viewing — on the left — and 60 degrees viewing — on the right. Error bars represent standard errors calculated
from sample averages from as many as eight locations within each square meter plot. In the bottom figure, blue curves represent NERD
calibrated SSA from 30, left, and 60, right, degree viewing BRFs. Red curves represent SSA derived from X-CT scans. Error bars represent

NERD calibration uncertainty computed from regression analysis (standard errors of the gradients).
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Table 1. NERD Lambertian Reflectance Measurements. Tabulated values represent median BRFs (R(6;; 6)) calculated for n samples of

measurements from Lambertian Reflectance targets with nominal reflectances of pr, (RMS difference in parenthesis). Linear regressions for

each wavelength () are calculated from n; 4+ ng = N samples.

A=1.30 um

n o pL R(0°;30°) R(0°; 60°) R(10°; 30°) R(10°; 60°)
10 0422 0.399 (0.021) 0.422 (0.016) 0.415 (0.015) 0.434 (0.015)
10 0951 0.939 (0.013) 0.944 (0.015) 0.958 (0.018) 0.952 (0.010)
N Linear regression; R(pr) = Apr + B

20 R= {1.023p1, - 0.028, 0.987pz, +0.007, 1.031p -0.024, 0.980p - 0.018}
A=1.55um

n pL R(15%;30°) R(15%;60°) R(15%;30°) R(153;60°)
10 0413 0.410 (0.009) 0.420 (0.017) 0.411 (0.008) 0.420 (0.021)
6 0.944 0.959 (0.012) 0.963 (0.019) 0.960 (0.013) 0.964 (0.020)
N Linear regression; R(pr) = Apr + B

16 R=  {1.028p,-0016, 1.016p, +0.003, 1.026ps-0.014, 1.011ps +0.009}
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Table 2. Snow Sample Physical Classification (Fierz et al., 2009). Snow density, porosity, and specific surface area (SSA) are calculated

from X-ray micro-computed tomography.

Grain shape Density (kg m™2)  Porosity (%) SSA (m’*kg™") EAFLAPs Figure key code
Needles 110 88 66 None PPnd_2017
Decomposing precip. particles 170 82 54 None or w/ dust or BC DC_2017
Melt-freeze crust 310 66 23 None or w/ dust or BC MFcr_2017
Clustered rounded grains 350 62 19 None MFcl_2016
Depth hoar 320 65 None DH_2016
Rounded grains 610 33 9 None RG_2015
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