Monday, July 3, 2017
Author’s response to Reviewer #1 comments

The lead author will address your comments. Author responses reference the same page
and line number as written in the original manuscript. Due to the detailed and sometimes
overlapping changes requested by both reviewers we summarize all document changes as
a PDF supplement.

General comments

This paper demonstrates an interesting method to better understand the relevance of
advective flow in a snowpack. This is demonstrated by several measurements. What was
a bit surprising to the reviewer that the method is already described in much detail by
Huwald et al., 2012. The paper demonstrates the application of the method in several
field cases. The authors demonstrate that diffusion and advection of carbon monoxide is
affected by wind speed. The main conclusion of the paper is that "atmospheric pressure
gradients can induce subsurface advection". This is not an entirely new results.
Unfortunately, the physical properties of the investigated snowpacks are not described to
a degree that is state-of-art. Neither a highly resolved density profile, specific surface
area measurements, measurements of spatial variability (using e.g. near-infrared
photography, Tape et al. 2010) were applied. The use and progress of this paper for
interpretation of advective flows in snow is therefore very limited beyond description.
The presented model, assuming isotropic and non-layered properties of the snowpack, is
very simplistic.

Author’s response to general comments:

Thank-you for your thoughtful review of this manuscript. I’ll address your general
comments one at a time.

1) “What was a bit surprising to the reviewer that the method is already described in
much detail by Huwald et al., 2012.”

Author response: Excluding instrumentation repair that involved rewiring and
replacing 6 CO sensors, the CO measurement instrumentation described in this
manuscript is the same as described by Huwald et al., 2012. The deployment
design of the snow pickets is different, however. In Huwald et al., 2012, snow
pickets were placed vertically with the picket ends protruding from the snow
surface, introducing experimental problems with which the authors of that paper
needed to contend. For example, wind blowing over the tops of the pickets
created a pressure gradient that exacerbated along-picket leakage. As stated in the
methods section, we alternatively dug a shallow trench to expose a face of the
surface snow layer and pushed the snow pickets horizontally and parallel to each
other into this undisturbed surface snow layer. After placement, we backfilled the
shallow trench to completely cover the exposed ends of the snow pickets. The
revised version of the manuscript will delineate these points more clearly.



2) “The paper demonstrates the application of the method in several field cases.”

Author response: The number of deployments was purposefully limited to discrete
snowfall events that were several times deeper than the snow picket diameter so
that the snow picket would not unduly influence CO plume evolution. This
experimental design choice limited the number of possible deployments.

3) “The main conclusion of the paper is that ‘atmospheric pressure gradients can
induce subsurface advection’. This is not an entirely new result.”

Author response: The main conclusion of the manuscript is that the evolution of a
trace gas plume in snow under windy conditions reveals an advective signature as
well as the presence of preferential pathways. Previous work has inferred gaseous
advection using temperature measurements (Albert and Hardy, 1995, Sokratov
and Sato, 2000) and point-based measurements of tracer gas concentrations
(Albert and Shultz, 2002). What is innovative here is that we have explicitly
resolved advection in a plane (e.g. 2D) using tracer gas.

4) “Neither a highly resolved density profile, specific surface area measurements,
measurements of spatial variability (using e.g. near-infrared photography, Tape et
al. 2010) were applied.”

Author response:

Indeed, the suggested field-based measurements of snow characteristics would
improve context for the results. However, there is a scale mismatch between the
high-resolution sampling suggested by the reviewer and the representative volume
of the tracer gas measurements. For example, a highly resolved density profile of
the Im X Im X10cm domain using a 100 cc Hydro-tech sampler would have
required 1000 measurements. Optimistically assuming that no samples were
damaged, at 1 minute per sample this would have required 16.7 hours to complete
and still would not describe the snow with fine enough resolution to model
airflow for a particular snow state. Near-IR photography gives fine-scale
resolution of a 2D section but not in 3D and not with the precision needed to
represent snow topology accurately enough to model differences in airflow in the
presence of weak and/or transient pressure gradients. The authors are not aware
of a successful cast of a snow sample this large (approximately Im X 1m X
20cm) by current techniques. The snow samples in Calonne et al. (2012) were
cubes ranging from 2.51mm to 9.16mm per side. More than 10’ samples of the
9.16mm per side cube would be needed to describe the deployment volume. In
short, a method to image a volume of snow on the order of that used in this
experiment with sufficient precision to simulate fine-scale airflow through natural
snow has not yet been demonstrated.

5) “The use and progress of this paper for interpretation of advective flows in snow
is therefore very limited beyond description.”



Author response:

Quantitative analysis is limited because we characterize air movement in two
dimensions rather than three. A lack of concentration measurement in the vertical
coordinate limited the quantitative results because we could not resolve vertical
mass flux. Nevertheless, we do quantify how the normalized Peclet number
changes between a windy and calm case. Technological improvements in imaging
larger sections of snow structure in 3D would facilitate quantitative analysis and
model simulations.

6) “The presented model, assuming isotropic and non-layered properties of the
snowpack, is very simplistic.”

Author response:

The simplicity of an analytical advection-diffusion model is precisely what makes
it an effective standard that, when compared with real-world experimental results,
highlights the deviation of an experimental result from an idealized scenario. This
technique allows us to discriminate deviations from isotropy that characterize
real-world snowpack state.

Specific comments

Title: Snow is always porous and air is a constituent, and there is no closed porosity (the
major difference to firn). So "interstitial air" is redundant. A better fitting title could be:
"A trace gas method of evaluating macroscopic air advection and diffusion in snow"

Author’s response to title:

Thank you for this suggested change. Our intention was to emphasize that the manuscript
addresses air contained within the top layer of the snowpack. We agree with your
assertion and changed the title.

page 2 ,line 4: More recent measurements show that basic properties of the snowpack do
change often in a very complex way within one layer. The traditional method to
characterize a snowpack requires usually cast samples (e.g. Arakawa et al.) or other
recently developed quantitative techniques.

Author’s response to page 2,line 4:
(This issue was addressed above in the general comments section.)

page 3, line 15: The backfilled snowpit (dimensions?) could be a major source of
disturbance for the measurements, as the density (and consequently permeability) is
easily increased by about 20%. Any checks or numerical simulations of this effect?



Author response to page 3, line 15:

The snow pit merely provided access by which to place the snow pickets horizontally into
undisturbed snow. The CO measurements were acquired in undisturbed snow. The snow
pit was backfilled to minimize surface roughness gradients that might generate a pressure
field that could influence CO plume evolution. The snow pit wall was parallel to the
prevailing wind direction so as to minimize the disturbance to in-snow advection. The
snow pit depth was equal to the surface layer of snow and the width was approximately
the 1-m length of the snow pickets. The manuscript was modified to clarify these points.
For clarity, we changed the verbage from “snow pit” to “snow trench” in the manuscript.

Author’s response to page 2, line 15:

page 3, line 20: What is "relatively high-density, spongy snow"? Which method was used
(beyond interpretation of the measurements) to assure that no leakage occurred?

Author’s response to page 2, line 20:

The average snow density of the snow layer in which the snow pickets were deployed is
provided in column 5 of Table 1 for each case. The snow hardness is provided in Table 2
(since condensed to Table 1). We agree that the term “spongy snow” is vague and non-
standard. We will instead use the density and hardness measurements to characterize the
type of snow that seats snugly against the snow picket. Snow having a hardness of 1-
finger seemed to form the best seal against the snow picket. Leakage around a picket was
inferred by anomalously high propagation rate of the CO gas as detected by sensors along
a single picket.

page 4, line 1: how was homogeneity measured? A single storm event can easily create
several mm-thick denser layers.

Author’s response to page 4, line 1

We changed “homogenous” to “discrete”. Plume evolution of the trace gas releases
reveal snow inhomogeneities. We revised the manuscript to clarify that we do not expect
a snow layer to be homogenous.

page 5, line 15 ff: Riche and Schneebeli (2012) measured enhanced horizontal thermal
conductivity in snow with little or no temperature gradient metamorphism. This would
contradict the general statements about the snowpack in his paper. Clearly, anisotropy at
several scales (mm to dm) is a key factor for diffusive processes.

We rephrased this section. We concur that anisotropy is a key factor for diffusive
processes and the difference in length scale between pore space dimension and the length
of, for example, a fracture poses modeling challenges for permeable media.

Author’s response to page 5, line 15:

page 7, line 28 (and other places) please define "low density snow" "high density snow"



in quantitative terms.
Author’s response to page 7, line 28:

We changed this sentence replacing “low density snow” and “moderate wind speed” with
values given in Table 1.

page 9, line 19: The conclusion drawn here is not well supported. The observed pattern
(especially Fig. 8)=is in my view not at all conclusive (the point x=20,y=30 could be an
outlier).

Author’s response to page 9, line 19:

We agree that the observed pattern in Fig. 8 at point x=20, y=30 is an outlier and examine
a probable cause for this anomaly on page 9, line 9. The conclusion is not based on the
value at x=20, y=30 but rather on the larger normalized Peclet numbers throughout the
domain in Fig 8a relative to Fig 8b.

Table 1: Definitions of the snowpack are insufficient for any comparison or application
of the results. How was the density measured? What was the vertical spacing? What was
the snow type (see International Classification) etc.

Author’s response to Table 1:

We added a description of how density was measured in the methods section. The snow
type is shown in Table 2, column 3.

Table 2: What was the snow temperature / temperature profile? The description of the
snow seems to indicate that the snow stratigraphy was rather complex (guess ...)

Author’s response to Table 2:

In the updated manuscript we clarify that measurements are acquired in a single, thick
surface snow layer so a detailed stratigraphic description and temperature profile below
the layer in question is not relevant.

Searching for papers about this topic, I found the following references, which seem to be
relevant to the topic:

Massman, W. J., and J. M. Frank (2006), Advective transport of CO 2 in permeable
media induced by atmospheric pressure fluctuations: 2. Observational evidence under
snowpacks, J. Geophys. Res., 111(G3), 1-11, doi:10.1029/2006JG000164.

Ebner, P. P., M. Schneebeli, and A. Steinfeld (2015), Tomography-based monitoring of
isothermal snow metamorphism under advective conditions, Cryosph., 9(4), 1363— 1371,

doi:10.5194/tc-9-1363-2015.

Massman, W. J. (2006), Advective transport of CO 2 in permeable media induced by



atmospheric pressure fluctuations: 1. An analytical model, J. Geophys. Res., 111(G3), 1-
14, doi:10.1029/2006JG000163.

Ebner, P. P., M. Schneebeli, and A. Steinfeld (2016), Metamorphism during temperature
gradient with undersaturated advective airflow in a snow sample, Cryosphere, 10(2),
791-797, doi:10.5194/tc-10-791-2016.

Ebner, P. P., C. Andreoli, M. Schneebeli, and A. Steinfeld (2015), Tomography-based
characterization of ice-air interface dynamics of temperature gradient snow metamor-
phism under advective conditions, J. Geophys. Res. Earth Surf., 120(12), 2437-2451,
doi:10.1002/2015JF003648.

Other references:

Tape, K. D., N. Rutter, H.-P. Marshall, R. Essery, and M. Sturm C3 (2010), Recording
microscale variations in snowpack layering using near-infrared pho- tography, J. Glaciol.,
56(195), 75-80, doi:10.3189/002214310791190938.

Arakawa, H., K. [zumi, K. Kawashima, and T. Kawamura (2009), Study on quantitative
classification of seasonal snow using specific surface area and intrinsic permeability,
Cold Reg. Sci. Technol., 59(2), 163-168, doi:10.1016/j.coldregions.2009.07.004.

Calonne, N., M. Montagnat, M. Matzl, and M. Schneebeli (2017), The layered evolution
of fabric and microstructure of snow at Point Barnola, Central East Antarctica, Earth
Planet. Sci. Lett., 460,293-301, doi:10.1016/j.epsl.2016.11.041.

Author’s response to references:

Thank-you for the list of references.



Monday, July 3, 2017
Author’s response to Reviewer #2 comments

Thank-you for your comments. The lead author will address your comments. Author
responses reference the same page and line number as they appeared in the original
manuscript. Due to the detailed and sometimes overlapping changes requested by both
reviewers we summarize all document changes as a PDF supplement. I’m also attaching
the current draft of the manuscript as a supplement.

General comments

The discussion article entitled "A trace gas method of evaluating interstitial air advection
and diffusion in snow" provides potentially useful data and analysis in order to address
the partitioning between the various processes responsible for trace gas movement in
snow. This topic is fully consistent with the scope of The Cryosphere, and requires
careful experimental investigations combined with modelling approaches, which are both
employed in this study. Unfortunately, the manuscript lacks precision in many respects,
in particular including the description of the field experiments and numerical modelling,
the terminology used, the physical properties of snow, and the literature references. In
general more quantification is needed in the text, which is of- ten too vague and
qualitative (although actual numbers can sometimes be found in the tables and figures,
but unfortunately not used in the text).

The only general comment I have refers to the description of the processes conducive to
tarce gas movements in snow. The title refers only to "advection" and "diffusion". It
seems, from reading parts of the article, that the authors make a distinction between
different advection processes (at least two : "quasi-static pressure gradients [...] in
response to wind-induced pressure gradients"— page 1, line 19, "turbulently generated
pressure fluctuations" — page 1, line 22). Given that the literature in this field is complex
and there may be significant overlap between concepts used in the literature, it would be
useful that this manuscript describes the processes very accurately and precisely, in order
to avoid ambiguity in this central issue for this manuscript.

Besides this need for clarification, I do not have any major comment on the manuscript,
having not detected any major flaw, but conversely it is often very challenging to
precisely understand how the experiments (numerical and in the field) were designed,
how the results were achieved, and what are their implications. I thus rather than major
remarks have quite a long list of comments and points, which deserve attention from the
authors in order to better convey their research to the readers. Not being myself a native
english speaker, I refrain from any comments on the wording, although in several places
the wording seems (perhaps) colloquial and ambiguous (I hope this can be addressed
post-acceptance through the copy-editing step).

Nevertheless, I believe that a significantly improved manuscript could be accepted for



publication, given the relevance of the experiments carried out and their potential to be
converted into useful scientific results.

Author’s response to general comments:

The introduction and methods sections were re-written.

Specific comments

Title

I think it would be appropriate to mention in the title that the emphasis is placed here on
"wind-driven" processes.

Author’s response to Title:

I changed the title to include “wind”. This change addresses a similar critique by
Reviewer #1. Also, we added a description of wind-driven pressure changes to the
introduction.

Abstract

Page 1, line 9 : I recommend rephrasing the term "validated". It is very unclear what is
meant here. "Validate" is a very strong verb.

Author’s response to Page 1, line 9 : I removed the words “or validated relationships”.

Page 1, line 14 : Besides "surface (chemical) reaction rates and interpretation of firn and
ice cores", I think the primary implications of this work apply to interstitial water vapor
movement and snow metamorphism itself, see e.g. Calonne et al. (2015). This is
unfortunately almost never mentioned in this manuscript.

Author’s response to Page 1, line 14 : Besides the reference to interstitial water vapor at
page 1, line 21, I added references to water vapor and snow metamorphism in the
introduction.

Introduction

The introduction is short and does not provide a sufficiently broad status of the current
knowledge in this field. For example, on the experimental work it ignores work carried
out in order to measure fluxes of trace species in snow (e.g. Seok et al., 2009). On the
snow microstructure side, it only vaguelly alludes to some of the physical processes and
properties involved (e.g. page 2, line 4 the word "permeability" is mentioned but the
introduction lacks the establishment of the conceptual and physical framework where
such variables are used). Without a proper introduction of the state of the literature and
knowledge gaps, it is difficult to understand what added-value is brought by the current



manuscript. I strongly recomment expanding the part from page 2, line 5 to 9 in order to
better describe what previous knowledge gap is addressed by the current study, and how.
At present, the introductory statement regarding the current study seems only to be a
disclaimer on why only top-most snow layers are targeted, without even knowing what
kind of measurements are dealt with and to serve what purpose.

Author’s response to Introduction: I rewrote the introduction to address these
deficiencies.

Methods

In general the "Methods" section needs considerable improvements, to enhance the
clarity of the description of the experimental goals, the instruments used for CO
measurements but also ancillary conditions (not only wind, but also snow properties,
meteorological conditions etc.) and the experimental sites. Figure 2 is very unclear, I
recommend providing pictures of the set-up in the field and conceptual sketches
illustrating the actual set-up for the various configurations used (apparently
implementations vary

from the various cases reported). Maybe such sketches should be provided along with
every result graphically shown, in order to better understand the set-up and the
corresponding data. I think the first sentence of the "Methods" belongs to the Introduction
(in order to better explain the goals of the manuscript), and everything else should be
placed in sub-sections with informative title. The status of the part from page 2, line 10 to
page 3, line 5, is unclear and often repeated with the content of sections 2.1 and 2.2 (e.g.
height of the wind sensor), which is illustrative of this confusion.

Author’s response to Methods: I reorganized the methods section. Figure 2 was replaced
with an alternate sketch of the experimental setup.

Specifically:

- neutral buyoancy : The paragraph from page 2, line 10 to line 22 is quite tortuous and
mixes several issues together. Line 15 it is said that "it is nearly neutrally buyoant", then
line 18 "neutral buoyancy is not strictly achieved for this experiment" then line 22
recommendations are made to make the experiment "essentially neutrally buyoant". It is
very hard from this text what is really at stake here, given that no quantification is
provided and the text is meandering around the issue of neutral buyancy.

Author’s response to neutral buoyancy: I rephrased this section.

- safety : The same paragraph states line 16 that CO is "safely handled" then line 20 it can
"cause unhealthy side effects". Here again, better clarity is required.

Author’s response to safety: I rephrased the section on safety.

- page 2, line 17 : reference needed here.



Author’s response to page 2, line 17 : I added a reference regarding a thin film of water
on ice.

- page 2, line 20 — 22 : I think such "recommendations" could be placed in the Discus-
sion or Conclusions sections (along with a quantification of the related issues), not in the
first paragraph of the Methods section.

Author’s response to page 2, line 20 — 22 : I moved this line to the conclusion as a
recommendation.

- page 2, line 32 : "cases 12 through 14": at this point, the "cases" have not been
introduced yet. This illustrates the need for a major reorganisation of the manuscript, in
order to better streamline the description of the methods and experiments.

Author’s response to page 2, line 32 : I moved case information to the results section.

- Sections 2.1 and 2.2 do not seem logically organized. For example, in section 2.1, page
3, lines 13 to 20 describes the experimental approach employed to deploy the sensors and
contains details relevant to the equilibration time, which could be referred to as
"Deployement description", and not at all a description of the sites. Conversely, section
2.2 confuses data selection (first words of the section), quality control and operational
constraints, which do not correspond a description of the deployment. This calls for a
major reorganization of the Methods section.

Author’s response to Sections 2.1 and 2.2: These sections were reorganized.

- section 2.1, page 3, line 9 : more information should be given on what is referred to the
"broad range of wind forcing and snow permeability regimes".

Author’s response to section 2.1, page 3, line 9: I included more specific information
from Table 1 in this section.

- section 2.1, page 3, line 13: what is a "low-profile snowpit" ?

Author’s response to section 2.1, page 3, line 13: I replaced “low-profile snowpit,
exposing a clean face “ with “shallow trench, exposing a clean face of the snow layer”.

- section 2.1, page 3, line 20: what is "spongy snow" ? If this corresponds to a description
of snow properties, this should be provided in the Results section, while the Methods
section should describe the methods employed to characterize snow physical properties
(currently missing, although this is critical for this study).

Author’s response to section 2.1, page 3, line 20: I removed the term “spongy snow” and
moved this description to the results section.

Section 2.3



Page 4, line 5: that CO sensors are sensitive to humidity and temperature is already
mentioned above.

Author’s response to Page 4, line 5: This information is needed to rationalize the need to
calibrate the CO sensors for different snow temperatures. I don’t think the repetition,
briefly stated, is a problem.

Page 4, lines 9 and 10 : perhaps a sketch and pictures could be useful to better understand
the functioning of the calibration chamber. At present, this is very unclear and there is a
large margin for interpretation of the sentences describing the apparatus.

Author’s response to Page 4, lines 9 and 10 : I added a picture of the calibration chamber
in the lab and explanation of how each calibration measurement was acquired. I also
added a sketch to delineate the experimental configuration.

Page 4, line 15 and 16 : what is the definition for "cold snow" and "warm snow"
calibration ? How is this implemented in practice for field measurements ?

Author’s response to Page 4, line 15 and 16 : More description of the CO sensor
calibration was added to the calibration section.

Section 3 Data analysis
Page 4, lines 21 to 25: these statements are not consistent with the title of the section.

Author’s response to Page 4, lines 21 to 25: These lines were moved to the results
section.

Page 4, line 30 : "modeled" needs to be replaced with "simulated" is what is dealt with
here is actual simulation results. In addition, given that the equation used (the model)
includes advection and diffusion (line 31), how is it possible that deviations between
observations and simulations correspond to the influence of "advection and snow
heterogeneity" (line 30) ? This is very unclear and needs to be better described.

Author’s response to Page 4, line 30 : I changed “modeled” to “simulated” and rephrased
this section.

Page 4, equations (1), (2) and (3) : symbols need to be described in the text. What is D, r,
t, C etc. ? What is tMAX ? Thye absence of description of the symbols hampers the
understanding of the reste of the manuscript, unfortunately.

Author’s response to Page 4, equations (1), (2) and (3) : I defined the symbols in
equations 1-3.

Page 4, line 10 : I con’t understand whay is meant by "We calculated the diffusion
coefficient for each sensor". The sensors measure the concentration of CO, I don’t see
how this solely can be used to compute the diffusion coefficient.



Author’s response to Page 4, line 10 : I rephrased:

“We calculated the diffusion coefficient for each sensor and subtracted these values from
those given by Eq. (3) to derive a residual that is an approximation of wind-driven
dispersion enhancement.”

as:

“For each CO release, we measured CO concentration as a function of time and distance
from the release point to find t,;4x for each sensor. Using Eq. (3) we then calculated the
diffusivity for each sensor and subtracted these values from a mono-valued diffusivity of
2.56 x 10° m*s™ consistent with snow (Huwald et al., 2012) to derive a residual that is an
approximation of wind-driven dispersion enhancement.”

Section 3.1 (note that, if there is only one subsection at the end of section 3, this implies
that the structure is not optimal; either add more subsections from the beginning of the
section 3, or drop the section 3.1 and make simple paragraph).

Author’s response to Section 3.1: I reorganized Section 3 into two sections.

Page 5, line 15 ; it is surprising that a reference to Riche and Schneebeli (2012) is given
to support the fact that snow permeability could be anisotropic. First of all, anistropy of
effective thermal conductivity was demonstrated by Calonne et al. (2011), but, more
importantly, Calonne et al. (2012) provide direct estimates of the anisotropy of the
intrinsic permeability of snow for various snow types fould in mid-latitude snow types.
There is thus no need to speculate here. Given the existence of literature not accounted
for in this paragraph, it probably needs full rephrasing.

Author’s response to Page 5, line 15: Thank-you for your insight on this detail. I have
rephrased this paragraph.

ResultsPage 5, line 23 : what is a "diffusion constant" ?

Author’s response to ResultsPage 5, line 23 : I changed “diffusion constant” to
“diffusivity”. I also replaced “diffusion coefficient” with “diffusivity” throughout the text
for consistency.

Page 6, line 10 : "moderate" : rather provide numbers. "mid-to-low density" : rather
provide numbers.

Author’s response to Page 6, line 10 : I replaced the descriptions with values from Table
1.

Page 7, line 6 : what is the "plume standard deviation" ? Line 7 : what do "minutely" refer
to ? Earlier in the manuscript this refers to "1-minute time resolution".

Author’s response to Page 7, line 6 : I replaced “standard deviation” with “mass-weighted
RMS distance from the center of mass”. “Minutely” was changed to “One-minute”.



Page 7, line 14: "NaN" should be defined.

Author’s response to Page 7, line 14: I replaced “NaN values” with “NaN (Not a
Number) results™.

Page 7, line 19 : is there an analytical form for Equation (1), which accounts for non-
homogeneous diffusion coefficients ?

Author’s response to Page 7, line 19 : Rather than using a constant for vertical diffusivity
in Equation (1), the vertical diffusivity was adjusted to decrease with depth to determine
a relative influence of vertically varying diffusivity on plume evolution.

Page 7, line 23 : "higher permeability (lower density)" : better provide numbers.
Furthermore, as demonstrated in Calonne et al. (2012), not only density but also specific
surface area, drive variations of snow permeability.

Author’s response to Page 7, line 23 : I removed “higher permeability” and included the
actual snow density from Huwald et al. (2012) and included the reference to Calonne et
al. (2012). The snow density in the Huwald et al. (2012) paper was higher than for case

13.

Page 7, line 30 : "conspired" ?

Author’s response to Page 7, line 30: I changed ““at which time snow heterogeneity and
vertical dispersion degraded conspired to degrade” to “by which time snow heterogeneity
and vertical dispersion degraded”.

Page 8, line 23 : How was the diffusivity "measured" ? Up to this point in the manuscript,
no apparatus measuring the diffusivity was described.

Author’s response to Page 8, line 23: I changed “measured diffusivity” to “diffusivity,
D(tyax ), calculated from Eq. (3)”.

Page 9, line 2 : what is the "smallest measured effective diffusivity" ? Over all
measurements across sites ? What is the value found ? How does it compare with
literature values ? This is not clear.

Author’s response to Page 9, line 2 : I changed “smallest measured effective diffusivity”
to “smallest calculated effective diffusivity”. The value found for the calculated effective
diffusivity is not relevant because it is less than the value for molecular diffusivity and
therefore not physically possible.

Page 9, line 3 : note that equation (3) already exists in the manuscript (this should be
equation (4)).

Author’s response to Page 9, line 3 : I renumbered subsequent equations and references
to equation 3.



Conclusions

Page 9, line 21 : "invalidating the notion of a mono-valued diffusion coefficient over
small areas" : this notion was never introduced before in the article. This statement
requires that the literature review identifies the need to "invalidate" (or not) this "notion".

Author’s response to Page 9, line 21 : I both rephrased this in terms of intrinsic
permeability and added a paragraph that discusses permeability to the introduction.

Page 9, line 29 : "gran-scale properties" : this is the first mention of microstructure- scale
snow properties. This aspect deserves to be better introduced in the manuscript, on the
basis of references suggested here as well as in the review provided by Reviewer #1.
Otherwise, this manuscript will be inconsistent with current knowledge in snow physics.

Author’s response to Page 9, line 29 : I rephrased this sentence.
Authors contribution:

Page 10, line 10 : Given that Z. Liu and R. Hochreutner are not authors of this
manuscript, I don’t understand why they are mentioned here (it is of course appropriate to
mention them in the Acknowledgements).

Author’s response to Page 10, line 10: I removed references to Z. Liu and R. Hochreutner
from the Author contribution section.

Tables and Figures:

Table 1 : More information on snow stratigraphy is needed, given that this concerns only
5 snow pits this should be doable in a condensed form. Also, in addition to mean wind-
speed, its standard deviation would be useful to better assess the steadiness of the wind
conditions. The content of the CO sensor depth column is not clear (and it has formatting
issues, some number have a >.0", some not).

Author’s response to
Table 2 : Could be merged with Table 1. "Degree" symbol missing.

Author’s response to Table 2 : I merged Table 2 with Table 1 and inserted the degree
symbol.

Figure 1 : Size scale missing.

Author’s response to Figure 1 : I replaced Figure 1 with an annotated picture showing CO
sensor locations.

Figure 2 : Very unclear. I don’t understand where is the CO cylinder and where the CO is
injected into snow. The different arrangements of the "cases" could be better explained,
maybe using a "3D" sketch (yet simple) which would better show how the apparatus was



implemented in the field. Pictures could be used to better illustrate how the system was
implemented.

Author’s response to Figure 2 : Figure 2 was redesigned.
Figure 3 : The CO release position should be indicated on panels a and ¢
Author’s response to Figure 3 : The release positions are now marked in panels a and c.
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in the text of the manuscript.
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Abstract. Atmospheric pressure gradients and pressure fluctuations drive within-snow air movement that enhances gas
mobility through interstitial pore space. The magnitude of this enhancement in relation to snow microstructure properties
cannot be well predicted with current methods, In a set of field experiments we injected a dilute mixture of 1% carbon
monoxide and nitrogen gas of known volume into the topmost layer of a snowpack and, using a distributed array of thin film
sensors, measured plume evolution as a function of wind forcing. We found enhanced dispersion in the streamwise direction
and also along low resistance pathways in the presence of wind. These results suggest that atmospheric constituents
contained in snow can be anisotropically mixed depending on the wind environment and snow structure, having implications

for surface snow reaction rates and interpretation of firn and ice cores.

1 Introduction

Atmospheric pressure changes over a broad range of temporal and spatial scales stimulate air movement in near-surface
snow pore space (Clarke et al., 1987) that redistribute radiatively and chemically active trace species (Waddington et al.,
1996) such as O; (Albert et al., 2002) OH (Domine and Shepson, 2002) and NO (Pinzer et al., 2010) thereby influencing
ack that does not have

their reaction rates. Pore space in snow is saturated within a few millimeters of depth in the snow,

large air spaces (Neumann et al., 2009) so atmospheric pressure changes induce interstitial air movement that enhances snow
metamorphism (Calonne et al., 2015; Ebner et al., 2015) and augments vapor exchange between the snowpack and

atmosphere. The relative influences of different pressure-driven processes in the near surface snowpack are not well

understood but are important to distinguish because different processes disperse water vapor and trace species with different
signatures. Pressure-driven air movement in snow pore space has been generally termed “pressure-pumping” (Massmann

and Frank, 2006) or more specifically “wind-pumping” (Colbeck, 1989; Clarke and Waddington, 1991; Albert et al., 2002)

in_circumstances where localized wind characteristics strongly impact variability in the pressure field. To clarify the

importance of discriminating the influence of advection relative to diffusion in snow pore space, we briefly describe

dominant in-snow processes forced by atmospheric pressure changes.
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In his foundational publication on the topic of wind-pumping, Colbeck (1989) described how atmospheric pressure changes

drive a variety of in-snow processes. Towards the low frequency end of the pressure change continuum, synoptic weather

evolution imparts approximately hydrostatic surface pressure changes over multi-day time spans (Wallace and Hobbs, 2006).

As a synoptic-scale high-pressure system builds over a given site, compression of the air column pushes air that was

formerly just above the snowpack into the snowpack. As the high-pressure system weakens over the site, the air column
expands and air that formerly was contained in the near-surface snow pore space translates into the atmosphere. Each

high/low pressure transition corresponds to a single “breath” by the snowpack that vertically exchanges air contained in the

near-surface pore space of the snowpack with air just above it. Although the amplitude of synoptic pressure changes is large

(~4000 Pa) relative to turbulently-generated pressure changes (< 100 Pa), (Paw U et al., 2004; Drake et al., 2016), they are

infrequent and therefore cause negligible snow/atmosphere fluxes (Bartlett and Lehning, 2011). Synoptic pressure changes

have been linked to mixing in firn, however, (Severinghaus et al., 2010) and may also leave an isotopic signature of synoptic

intensity in ice cores (Buizert and Severinghaus, 2016). Filtering of fine particle atmospheric constituents by snow

(Waddington et al., 1996) at synoptic frequencies would correspondingly be gradual and relevant over seasonal and longer

time scales.
By contrast, localized pressure changes due to wind blowing over surface features or caused by wind variability (turbulence)

generate pressure changes with much higher frequency, smaller spatial extent and smaller amplitude than synoptic-scale

pressure changes. Wind blowing steadily over surface features generates localized, quasi-static pressure gradients and air in
snow moves in response to these wind-induced pressure gradients (Colbeck, 1989). These topographically induced pressure

gradients generate quasi-stationary circulation patterns that transport gases (Massman and Frank, 2006) and form zones of

preferential sublimation and deposition (Albert, 2002) and therefore have a discernable advective signature. Turbulently

generated pressure fluctuations jnduce air movement in snow (Drake et al., 2016) but the response of air contained in snow

pore space to turbulent forcing above the snow or above permeable media in general is not fully understood despite
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considerable effort (de Lemos et al., 2006; M6Bner and Radespiel, 2015; many others). Classical boundary layer theory

(Beavers and Joseph, 1967) suggests that the time-averaged pressure gradient in permeable media such as snow would

generate Darcian flow (advection) aligned with the pressure gradient. Unlike the advection signature for topographic forcing,

the turbulence signature does not exhibit quasi-static circulation patterns. Similar to turbulence, advection through a

mechanically dispersive medium such as snow dissipates a concentration gradient (Scheidegger, 1954) but in this case

preferentially spreads a plume more aggressively in the downstream direction. ,
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Airflow through snow is regulated by intrinsic permeability, which is a proportionality constant in Darcy’s Law and is a

measure of the interconnectedness of the pore space. Snow permeability is difficult to measure in field conditions but is a

fundamental input parameter to model in-snow advection, (Darcian flow). Currently accepted sampling techniques to obtain

snow permeability include direct measurement with a flow-through permeameter and indirect measurements that infer

permeability from some other measure, such as specific surface, area. For example, sub-liter samples sizes are used for the

typical flow-through permeameter (Courville et al., 2007), microtomography (Calonne et al., 2012) or an integrating sphere
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(Gallet et al., 2009). A near-infrared photography technique that jnfers SSA from reflectance (Painter et al., 2007; Tape et

al., 2010) acquires pore space characteristics over larger areas but only in two dimensions, as do stereological measurements

(Davis et al., 1987; Matzl and Schneebeli, 2010) for smaller sample sizes. Active acoustic techniques of inferring large-

footprint, volume-averaged permeability of snow cover have shown potential (Albert, 2001; Drake et al., 2017) but these
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techniques are unproven for standard data collection. None of these techniques sample intrinsic permeability of large snow
volumes and therefore they do not capture macroscopic changes in permeability due to snow inhomogeneities and fractures.

The consequence of neglecting the variability of intrinsic permeability for modelling airflow through snow is not known.

The presence of in-snow advection has been experimentally inferred from natural convection (Sturm and Johnson, 1991) and
from temperature changes caused by forced ventilation Albert and Hardy (1995), Sokratov and Sato (2000) and from CO,
flux measurements (Bowling and Massman, 2011) but few measurements of natural air advection in snow have been

obtained (Albert and Shultz, 2002; Huwald et al., 2012). Bulk CO, flux measurements by Massmann and Frank (2006), Seok

et al. (2009), and Bowling and Massman (2011) have increased our appreciation for the role of wind-pumping in enhancing

soil/snow/atmosphere exchange beyond that given by diffusion but lack the spatial and temporal granularity needed to

discern between the relative roles of in-snow transport processes. A deeper understanding of the processes that link

atmospheric pressure forcing to in-snow pore space response is needed if we are to accurately model how water vapor and

chemically and radiatively active trace species propagate into, through, and out of the snow pore space. .

The overarching goal of this experiment is to measure wind forcing above the snow and simultaneously perform high-spatial

and temporal measurements of the evolution of a trace gas release in snow such that we can link wind forcing with in-snow

response. Our strategy is to compare model simulations that implement a solution of the advection/diffusion equation for

homogenous, permeable media with experimental measurements of dispersion of a tracer gas in snow. Anisotropy of

seasonal snow has been evaluated (Calonne et al,, 2012) and e do not assume snow homogeneity in pur experimental /-~

advection through interstitial pore space influences
the distribution of reactive interstitial gases yet this
process remains poorly understood. Step changes in
permeability between successive snow layers further
complicate the relationship between wind forcing

and the in-snow advective response (Albert, 1996).
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complicating influence of snow layering, we confined this exploration to the topmost snow layer that had been deposited by

a significant snowfall event. We therefore focus this investigation on the effect that wind blowing over snow has on air

movement within the topmost layer of a snowpack.

2 Methods

2.1 Snow picket description

The measurement network was composed of 28 thin-film Applied Sensor MLC carbon monoxide (CO) sensors with
detection range spanning four orders of magnitude (from 0.5 to 500 ppmv). To measure CO gas at well-known positions in

the snow, seven CO sensors were mounted in 15-cm intervals on each of four tapered poles (or snow pickets, Fig 1) with
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dimensions 1 m x 5 cm. We deployed the snow pickets in the topmost snow layer that was at least 20 cm deep to minimize
the influence of the profile of the instruments in disrupting interstitial flow. The pickets were inserted horizontally into the
snow forming a rectangular sensor grid. Silicone tubing strung down the center of each picket to an outlet opposite the CO
sensors provided a means to deliver the CO gas to a well-known position in the snow. This same system was also used in
Huwald et al. (2012), and we refer readers to that document for a thorough explanation of materials, manufacturing and
wiring requirements.

Data from the 28 CO sensors were acquired on two synchronized Campbell Scientific CR1000 loggers at 1-minute intervals.

CO gas was delivered fast enough relative to the 1-minute measurement interval to approximate an instantaneous release. A |

Campbell Scientific Irgason ultrasonic anemometer captured 3-D wind components at 20 Hz approximately 1 m above the
snow. One-minute wind speed and direction averages were computed by post-processing the high-frequency data. The

experiment configuration is presented as a schematic diagram in Fig. 2.

2.2 Tracer gas

Consistent with Huwald et al. (2012), we chose CO as a tracer gas because its molecular weight is very close to that of air so
it is nearly neutrally buoyant. Neutral buoyancy ensures that gravitational effects do not influence plume evolution, although

neutral buoyancy is not strictly achieved for this experiment. In practice, neutral buoyancy is difficult to achieve because the
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air space in snow is saturated and therefore more buoyant than dry air but less buoyant than N,. CO can be safely handled

when used in small quantities, has low background concentration and low water solubility. This latter consideration is

important because snow grains may be coated with a thin film of liquid water, even at sub-freezing temperatures (Boxe and

Saiz-Lopez, 2009). A mixture of 1% CO in 99% N, provided sufficient concentration for sensor detection.

2.3 Site description

The system represented in Fig. 2 was deployed at three locations: Santiam Pass, Oregon (elevation: 1468 m); Dutchman Flat
Sno-Park, Oregon (elevation: 1905 m); and Storm Peak Lab (SPL), Mt. Werner, Colorado (elevation: 3220 m) during winter
and spring seasons of 2014 and 2015, respectively. These sites span a broad range of wind forcing and snow gensity from |

227 kg—m3 to 430 kg—m?ﬂ The Santiam Pass and Dutchman Flat sites were nearly flat, while the SPL deployment site was

located on a gradual slope (~ 17% average slope over 100 m distance, as determined from Google Earth) with a western ||

aspect. For each deployment we mounted a sonic anemometer at ~ 1-m height on a low-profile tower with the sonic

transducer facing into the prevailing wind. The windward side of the tower was kept free of disturbance. 14

2.4 Data selection criteria

Data were selected from a larger data set composed of 24 releases in 10 different snow conditions over two field seasons.
Quality control criteria excluding some data were weather-related instrument issues such as sonic anemometer transmission

losses due to snow/rain/riming, excessive gas leakage around the release picket, gas leakage at a tube fitting, and excessive
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icing/wetting/temperature changes of CO sensors. The dual requirements that the CO sensors needed to be ice-free with
minimal temperature variations for optimal operation restricted deployment time spans to no more than several hours.
Between deployments the sensors were air-dried in a lab environment to return them to an optimal operational state.
Immediately prior to each deployment, we determined the prevailing wind direction so that the pickets could be inserted
approximately perpendicular to the wind direction. This orientation maximized the sensor network’s ability to resolve a
plume propagating downwind and was achieved for all cases except cases 13 and 14, which experienced a wind shift during
instrument setup. With the exception of case 12 the surface snow layer was deposited by a single storm event and was
sufficiently deep to position the sensor pickets in a discrete snow layer. Cases 7 through 11 were acquired in a snow layer

that had undergone equilibrium snow metamorphism forming spheroidal snow grains. Snow density was acquired with a

1000cc Snowmetrics RIP 1 Cutter and weighed with a digital gram scale.

2.5 Calibration

We built a calibration chamber (Fig. 3) into which we could simultaneously place all 4 pickets and verify the operational
capabilities of the Applied Sensor MLC CO sensors that we used for this experiment. We found through trial and error that
the CO sensors are sensitive to both humidity and temperature. Furthermore, we found that sensor sensitivity decreases when
exposed to the same CO concentration over a long period (> 10 minutes). To overcome these deficiencies we transported the
calibration chamber to the Santiam Pass warm snow site where the surface now layer was -1 °C and the Storm Peak Lab cold

snow gite where the surface layer temperature averaged -6 °C during the calibration time period. The procedure was to

shovel some snow into the chamber then insert the pickets into support collars that suspended the pickets in the chamber
above the snow. The chamber was sealed and a measured volume of CO introduced. A fan inside the calibration chamber
facilitated thoroughly mixing the air. Measurements were acquired at 1-minute intervals with two Campbell Scientific
CR1000 loggers until sensor response was documented. The chamber was then opened on both ends and allowed ~ 30
minutes for the chamber to fully evacuate. This procedure was repeated for the next measurement. This calibration procedure
was time consuming and therefore we were not able to perform it in concert with field deployments. Although the maximum
recommended operating concentration is 500 ppmv, tests revealed a linear response that consistently exceeded 1000 ppmv.
Measured gas concentration at the sensor nearest the release point typically exceeded 1000 ppmv but this sensor was not
used for analysis and therefore did not influence experimental results. Further calibration details can be found in Huwald et

al. (2012).

3 Data analysis
3.1 Methodology

We used two methods to analyze the results. For the first method, we applied calibration coefficients from either warm or

cold snow calibrations to voltage measurements and derived CO concentration for each sensor at each time step. From these

5
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data we calculated the position of the genter of mass in order to determine plume propagation speed. In the second method,

we calculated the time required to reach maximum concentration at each sensor as a measure of plume propagation.

Deviations from the simulated concentration give a measure of the influences of advection and snow heterogeneity.

A solution of the 3-D advection/diffusion equation for a point source (with 2-D advection) is (Socolofsky and Jirka, 2005):

(C=x)-Ut)*  (=y)-VO? _ (z=2p)? )
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Cuy 2 t) 4t [4TEDy Dy Dy P 4Dy 4tDy 4tD,

2
v

Steve Drake 7/3/2017 11:05 PM

Deleted: centroid

Steve Drake 7/3/2017 11:05 PM
Deleted: modeled

Steve Drake 7/3/2017 11:05 PM
Deleted: .

where C(x,y,z,t) is concentration, M is mass, U and V are horizontal wind components D, , are diffusivity along the x, y

and z axes, and ¢ is time. For idealized homogenous snow (constant D, , ;) we can differentiate Eq. (1) with respect to time

and set this result equal to zero to find the streamwise advection velocity:

2_
VUZ+VEi= f—’ SPMAX @)
tMax

where r is the distance from the release point to a given position and t,, 4y is the time interval between the release time and

the time at which maximum concentration is reached at that position. For zero wind velocity:

D= " 3)

6tmax

Equation (3) permits calculation of the horizontal diffusivity as a function of the time required between the initial release and

the maximum measured concentration at each sensor location, assuming zero air velocity in snow. Non-zero interstitial air

velocity and snow heterogeneity manifest as spatial variations in diffusivity. For each CO release, we measured CO

concentration as a function of time and distance from the release point to find t,,,x for each sensor. Using Eq. (3) we then

calculated the diffusivity for each sensor and subtracted these values from a2 mono-valued diffusivity of 2.56 x 10° m*s™ |
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consistent with snow (Huwald et al., 2012) to derive a residual that is an approximation of wind-driven dispersion

enhancement. This technique has the advantage that absolute concentration is irrelevant so the result is insensitive to sensor

calibration error.

3.2 Caveat

We will not attempt to compare the vertical diffusivity with the horizontal diffusivity, as that comparison would require a 3- |

dimensional measurement network. Calonne et al. (2012) found that snow anisotropy causes differences between horizontal |

and diffusivity for air in snow. We postulate that in-snow vertical jransport enhancement increases as wind ventilation
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relative wind enhancement of in-snow air motion in the horizontal and vertical directions. As our measurements will show. a

distinct snow layer is not homogenous and this method will highlight macroscopic channels of inhomogeneity.
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4 Results
4.1 Model simulations

Results in a horizontal plane from an advection/diffusion model assuming isotropic media with a diffusivity of 2.56 x 10° m?

s! are shown in Fig. 4a. An instantaneous release at the origin (marked by a red asterisk) spreads in time and the red dots

mark the locations of point measurements at 15 cm, 30 cm and 45 cm from the release point. Half-hour time series of the
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simulated concentrations at these three locations are shown in Fig. #4b. The fhree time series in Fig. 4b delineate

“breakthrough curves” that share a distinctive shape with a rapidly rising concentration to a peak followed by gradual decay.

In a purely diffusive environment the breakthrough curve of each successively distant point from the release location is

contained within curves defined by closer points as in Fig. 4b. Isotropic molecular diffusion spreads a plume in all directions

but the centroid of mass remains stationary over time. On the other hand, advection translates the centroid. In Figs. 4c and 4d

we have imposed an advective flow of 0.5 mm s oriented along the positive x-axis. For the corresponding set of

breakthrough curves in Fig. Ad, the traces cross at some point in time if advection is sufficiently fast relative to diffusion. By

comparing breakthrough curves derived from field experiments with simulations we can gstimate the relative influences of

dispersive processes. In this idealized description we do not account for snow heterogeneity, which enhances diffusion in

regions of higher porosity, potentially leading to centroid displacement.

4.2 Field data

The results presented in this paper are based on 14 CO releases selected from five snow conditions. Distance between snow

pickets, picket depths, release volumes and associated weather conditions and surface layer snow metrics are detailed in

Table 1,With the exception of case 12, pickets were placed in a layer of snow generated by a single snow event such that we

2012
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could minimize the effect of snow layering on dispersion. Release volume was measured with an Aalborg GFM17 Mass

Flowmeter (range 0-15 SLPM) for cases 1 through 11 and with a Precision Sample Magnum Series 500 ml gas tight syringe

for cases 12 through 14. For case 12, the pickets were placed below an ice layer that was overlain by surface snow generated

by a single storm event. Cases 1-11 were calibrated using a warm snow calibration at Santiam Pass and cases 12-14 were

calibrated with a cold snow calibration at Storm Peak Lab. At each site we carefully dug a shallow trench, exposing a clean

face of the snow layer into which we inserted the sensor-mounted

snowpit with fresh snow and smoothed the surface to match the surrounding, undisturbed snow level. Snow in the backfilled

trench was not measured directly, however, it is possible that disturbing snow in close proximity to the measurement volume

could have influence the local pressure field, In Huwald et al. (2012) sensor pickets were placed vertically and the authors

noted leakage around the picket perimeter that manifested as enhanced dispersion along the picket axis for low snow density
releases. Even with horizontal (and buried) picket placements we observed indication of leakage for a few cases but most
cases were performed in snow that seated snugly against the pickets, minimizing along-picket leakage.
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4.3 Breakthrough curves

A picture of the experiment setup for March 26, 2015 is shown in Fig. ;5 and the results of CO release R2 are plotted in Fig 6

(case 14 in Table 1) in the presence of 3.06 m-s” mean wind speed and 227 ke-m” density snow. The breakthrough curves -

are smooth and indicative of diffusion-dominated dispersion yet a subtle advection signature of breakthrough curves crossing

each other is evident in Fig. 6b, similar to Fig. 4d. This result shows that an advection signature is evident at approximately /

20 cm depth in mid-to-low density snow. The maximum concentration measured at the release point in Fig. Ha exceeded the
linear calibration range of the CO sensors. Calibration range exceedance near the release point commonly occurred during
releases but the results presented in this paper do not rely upon release point concentration measurements. Rather, larger

releases enabled greater resolution of far field concentration measurements and ty,x £alculations.

4.4 Effect of wind direction

For two contrasting cases during the same deployment (April 19", 2014), Figs. Ja-d shows the effect of wind on subsurface

plume evolution. In case 8 (Figs. /a-b), prevailing winds were persistent and from the west whereas for case 11 (Figs. /c-d)

winds were light and variable. The time required to reach the maximum concentration for each sensor as described in Eq. (3)

is plotted in Figs. /b and 7d. For case 8 (Fig. /b) the plume orients streamwise to the wind with increased streamwise

». Steve Drake 7/3/2017 11:05 PM

dispersion relative to cross-stream. The plume shape in low wind case 11 (Fig. 7d) is more circular as would be expected for
diffusion-dominated dispersion. We attribute deviations from radial symmetry for low-wind case 11 to snow
inhomogeneities. This case comparison shows that an advective signature is evident in at 9 cm depth in dense (430 kg m™)
Snow.

The subtle, streamwise plume alignment evident in Fig. 7a-b is more easily discriminated with larger CO releases, an
example of which is plotted in Fig. Je-f. This release was too large to approximate a point release but it unambiguously
shows that the plume aligns in a streamwise orientation. Preferential streamwise dispersion was duplicated for subsequent
large releases with persistent prevailing winds (cases 8 and 9, not shown). In-snow, streamwise plume alignment under a
persistent wind regime is an unsurprising result that nevertheless bears reporting because previous studies have lacked a
sufficiently dense sensor network to resolve it. Given the Clifton et al., 2008 result that air in permeable media pore space
responds to a pressure gradient rather than shear, a persistent in-snow advective flow indicates a persistent in-snow pressure

gradient.
4.5 Plume propagation given by centroid of mass

We calculated the displacement of the centroid of mass at each time step as an indicator of advection. The centroid of mass
is a more stable measure of plume propagation than the maximum concentration location because the latter may vacillate at
each time step when two measurements are nearly the same. In Fig. 8a we plotted the position of plume centroid relative to

release position for case 13, color:coded by minute since release. The black asterisk marks the release point. Circles
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delineate centroid position at each minute and the circle diameter is a relative measure of the plume mass-weighted RMS

distance from the center of mass. Triangles in Fig. 8a indicate anticipated pne-minute translation given by wind direction at

1/1000 of the wind speed. This multiplicative factor (1/1000) reduces wind speed to on the order of mm s™', the approximate
order of magnitude for air advection in snow (Huwald et al., 2012). We do not account for the mass that advects out of the
measurement network because we lack 3-dimensional measurements needed to simultaneously constrain mass loss in the
vertical and horizontal directions. Instead, we assume that the centroid position in the horizontal plane is accurate over a
short timespan between the initial release and the time at which mass starts to advect out of the perimeter of the
measurement network.

For the initial several minutes after the release, the calculated centroid position was indeterminate because the sensor at the
release position had saturated, returning NaN (Not a Number) results. After several minutes more sensors detected the plume
so the centroid position stabilized as it propagated downwind. While propagating downwind some of the plume mass
concurrently propagated vertically, out of the sensor network plane. We anticipate that horizontal diffusion was slowed to

the degree that the vertical diffusivity exceeded the horizontal diffusivity and the center of mass of the buoyant plume lifted.

Numerical simulations similar to those shown in Fig. 4 but using a vertical diffusivity that decreases with snow depth (not

shown) are consistent with this hypothesis. After approximately 13 minutes, the calculated centroid position was driven by
the CO mass still in the horizontal plane and within the sensor network and the centroid of mass appeared to stall because the
smaller horizontal footprint of the upward moving plume. For the time span between 3 min and 13 min, the center of mass
advected 6 cm giving an average velocity of 1.0 x 10 m s™, slightly lower than 1.2 x 10 m s reported by Huwald et al.
(2012) for higher density snow (360 kg-m™). We have no measure of specific surface area, which we acknowledge

influences permeability (Calonne et al., 2012) and acknowledge imprecision in the center of mass advection speed

determination.

To further assess the influence of wind on plume propagation we calculated the angle between the propagation of the center
of mass and that given by wind direction, again assuming the wind-driven advection speed was ~1/1000 of the wind speed.
Results for 4 representative cases are shown in Fig. 8b. In low-density snow and moderate wind speeds (case 13, 227 kg-m™
snow density, 3.41 m-s" wind speed), wind direction was a good predictor for plume propagation direction, even at

approximately 20 cm depth. In denser snow and moderate wind speeds (case 8. 430 kg-m™ snow density, 2.19 m-s” wind

speed) wind direction remained a good predictor for plume propagation direction with the exceptions that several minutes

were required for the plume centroid position to stabilize (as noted in Fig 8a) and after ~ 13 minutes by which time snow
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heterogeneity and vertical dispersion degraded the correlation between wind direction and center of mass propagation
direction. For case 11, in which snow density was high and winds were light and variable, (430 kg-m™ snow density, 0.38 m-
s wind speed). the angle between wind direction and plume propagation as indicated by the center of mass was larger and
highly variable. For case 12, in which low-density snow overlaid an ice layer, (variable snow density, 4.05 m-s"' wind speed),

the plume diverged into several preferred pathways (see Section 4.6) but the centroid of mass generally advected downwind.
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These results show that the centroid of mass propagates downwind more reliably in lower density snow than in dense snow

but the centroid of mass propagation direction is not necessarily a reliable indicator of the evolution of the plume footprint.

4.6 Snow layering

With the exception of case 12, we deployed our equipment in the topmost layer of a significant snowfall event to minimize
the influences of snow layering on plume evolution. We include case 12 because an 18 cm new snowfall event overlaid a
thick (~5-10 mm) and pervasive layer of refrozen ice, providing an unusual opportunity to study the dispersion signature
below a buried, ~ impervious layer where one might expect no advection. The CO sensor-mounted snow pickets were placed
at roughly 18 cm depth, just below the ice layer. Surface snow was unevenly distributed over the ice layer so picket depths
varied by up to 5 cm but all pickets were positioned at the same depth below the ice layer. Winds were persistently strong
from the west (blowing left to right in Fig. 9) during this release. Plume evolution for this case indicates that dispersion had
not only molecular diffusion and directional wind signatures but was also characterized by preferential flow regions. We
hypothesize that the tracer gas was preferentially following incipient cracks and more porous pathways in the snow layer.
This hypothesis is supported by Nachshon et al. (2012), who found that fractures in soil increase permeability by several
orders of magnitude and serve as preferred flow pathways in the presence of a mean background flow. From this result we
conclude that pressure changes above the snow incite air movement through incipient cracks and porous zones below low

permeability ice layers but with less wind-directional influence than that seen for a surface snow layer.

4.7 Plume propagation given by time to maximum concentration

Given the previously mentioned deficiencies with computing dispersion enhancement from centroid of mass velocity, we
alternatively investigate dispersion enhancement by comparing measurements with the result given by Eq. (3) using a
molecular diffusivity of CO in snow, (D¢o), of 2.56 x 10° m*s™ (from Huwald et al., 2012). We note that diffusivity of a gas
in snow varies with temperature, pressure and snow state. However, these parameters do not vary significantly for different

cases obtained during a given experiment deployment. We use the diffusivity, D (tyax.). calculated from Eq. (3) and D¢y to

estimate the Péclet number:

advective transport rate D(t, )- D,
Pe = _ max)~Dco - 4)
v

dif fusive transport rate Dco

In Equation (#), we note that measured D (ty4x) includes influences of both molecular diffusion and advection so one must
subtract the diffusive component (D), from the measured D (ty,x) to derive the advective component. Since the plume is
preferentially spreading vertically, mass is lost from the horizontally oriented measurement network, systematically
increasing ty4x values and thereby decreasing measured effective diffusivity to values smaller than molecular diffusivity. To
compensate for the systematic depression of measured effective diffusivity, we find the difference between the smallest

gcalculated effective diffusivity and the molecular diffusivity and normalize measured effective diffusivity by this difference:

10
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_ D@max)+[Dco—MIN(D(tmax))l-Dco _ D(tmax) ~MIN(D(tmax)) )

Dco Dco

Penarm

Our rationale for applying this normalization is that the dispersion of a gas in snow can be no less than the molecular

diffusivity. This normalized Péclet number no longer represents the absolute ratio of advective to diffusive transport. But it
does preserve a relative measure of advection vs. diffusion and guarantees that the normalized Péclet number is no less than

zero. For example, comparing the normalized Péclet number for moderate-wind case 8 (2.19 m-s” wind speed) in Fig. 10a

(see also Figs. 7a-b) with low wind case 11 (0.38 m-s wind speed) in Fig 10b (see also Figs. 7c-d) we note advective

signatures streamwise and also along one of the sensor pickets, indicating that leakage along a picket that is exacerbated by a

wind-induced pressure gradient. The bullseye at the sensor just below the release point in Fig. 10b is an artifact of the large

release volume rather than advection. The Pe,,,,, gradient is weak in Fig. | 0b relative to Fig. | 0a as one would expect for a

diffusion-dominated regime. Discrepancies from radial symmetry evident in Fig. 10b indicate preferential dispersion

pathways along inhomogeneities in the snow layer. Ignoring differences in sensor depth, snow microphysics, and high
volume release cases (cases 4, 5, 6 and 10) the R? correlation was 0.61 between average wind speed and the maximum
Pe,orm for the remaining cases. This result suggests that in-snow advection increases with wind speed and that snow state

and depth in snow tempers the magnitude of in-snow advection, in a given layer. A three-dimensional measurement design

would improve the quality of the Péclet number values and, accompanied by high-resolution snow characterization, enable

absolute comparison of the advective vs. diffusive transport in both vertical and horizontal planes.

5 Conclusions

Atmospheric pressure gradients can induce subsurface advection that enhances plume dispersion, even in dense snow.
Beneath an ice layer the evolution of a tracer gas plume indicates signatures of enhanced diffusion and advection along high
permeability pathways in the presence of wind. Over smooth, flat reaches with a prevailing wind, a subsurface plume aligns
in a streamwise orientation. Snow inhomogeneities can enhance anisotropic dispersion as wind speed increases, challenging
the notion of using small sample size to represent the intrinsic permeability of snow over broad regions. By comparison of a
normalized Péclet number between cases with different wind forcing, we find that variability in the advection signature
increases with wind speed.

We were not able to discriminate the relative importance of different processes that enhance in-snow air movement with a 2-

D configuration of the sensor network. We anticipate that a modified 3-D deployment design that has a smaller instrument

footprint than the snow pickets used in this investigation could discriminate the 3-D evolution of the tracer gas plume. Large

(~ cubic meter volume), high resolution representations of permeability are not practical with current technology but in the

future would enable one to discriminate between advection and changes in diffusion rate due to permeability changes.

Though not available in our tests, we would recommend others employ a blend of CO with standard air rather than N», which

would then be essentially neutrally buoyant.
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6 Data availability

Data from these experiments may be obtained by corresponding with the first author.
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Table 1. Summary of cases used for this analysis. Wind speed is at 1-m nominal height. Layer density is the average snow

density for a distinct surface snow layer. Horizontal picket spacing and CO sensor depth are listed by picket, ordered left to

right as shown in the figures.
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Figure 2. Diagram of the experimental setup showing relative positions of the sonic anemometer and snow pickets. [The red
asterisk marks the release point on the bottom of one of the snow pickets. The CO sensors on four snow pickets define an x-y plane
that is retained in subsequent figures.
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Figure 3, Picture of the calibration chamber (white PVC conduit) at the Santiam Pass site. Snow pickets are placed in low-profile
collars to keep them separated within the chamber. Silicone is used to seal the chamber endplates and duct seal is used to seal air
gaps around the CO sensor wiring as it passes through the endplates. A dilute mixture of CO gas (green tank) is introduced into
the chamber through an Aalborg GFM17 Mass Flowmeter and mixed by a fan within the chamber. CO concentration as measured
by each sensor is acquired on a CR1000 logger (mounted in a weather resistant case) for ~ 10 minutes at each concentration
measured. After each concentration measurement, CO gas mixture is evacuated to minimize sensor saturation.
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Figure 4. Vertical cross-section of simulated plume dispersion in a purely diffusive case over a 1 m* volume (panel a, upper left)
and the associated breakthrough curve (panel b, upper right) and for a diffusive/advective case (panel ¢, lower left) with associated
breakthrough curve (panel d, lower right). The red asterisk in panels a and ¢ mark the plume release point. For the
advective/diffusive scenario, plume concentration is greater at the 30-cm position than the 15-cm position after 10 minutes.
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Figure 6. Calibrated near-field break-through curves for case 14 (panel a) and 19 cm downstream of the release point (panel b).
CO concentration data were acquired at 1-minute resolution. The CO gas release position is on the opposite side of the picket from
the mid-picket (0 cm) sensor,in panel a (see also Fig. 2). Distances given in the legend are measured from the release point to the Steve Drake 7/3/2017 11:05 PM
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Figure /. Windrose for persistent wind case 8 in /430 kg—m'J snow (a), for light, variable wind case 11 also in 430 kg-m” density / Deleted:
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Figure 9. Plot of the time required for CO to reach maximum concentration for a release with snow pickets placed below an ice

layer. The red wind barb indicates the average wind speed (in knots) and direction during the measurement period (see also Table
1). The distance is relative to the bottom and leftmost sensor relative to a coordinate plane viewed from above. The plume has a
molecular diffusion signature (roundish), a wind direction signature (downwind propagation) but also is characterized by flow
along preferred pathways, which yender as irregular lobes at the sensor network resolution.
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Figure 10. Normalized Péclet number for windy case 8 (panel a) and low-wind case 11 (panel b). Both cases were obtained during

the same picket deployment. Case 8 shows preferential streamwise dispersion (see also windroses in Fig. /) as well as enhanced

dispersion along high permeability pathways. In (b), but for the anomalously large Péclet number gradient just below the release
5| point (due to a large release volume), the gradient is weak relative to (a), characteristic of a diffusion-dominated regime.
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