Comment on paper tc-2015-158: Tomography-based observation of sublimation and
snow metamor phism under temperature gradient and advective flow
P. P. Ebner, M. Schneebeli and A. Steinfeld

This work deals with the effect of saturated aig€lTd=-14°C?) warming up progressively
(typically from -14°C to -12.5°C) into snow samplgsbmitted to an imposed temperature
gradient (TG) of about 50 K/m. 4 samples were stilechito different flow velocities (from O
to 3 L min?) and the evolution of their inner parts (probabk7x7 mnt volumes — this is to
be confirmed by the authors) was monitored by X-tagmwography with a pixel size of
probably 20 micrometer over 108 h. The evolutiohslensity, specific surface area (SSA),
mean pore diameter and vertical component of thieefifective conductivity were computed
from the 3D images obtained. Based on these oligmmga the authors conclude that the
circulation of air, as defined in their settingapiacts the microstructure but not the overall ice
mass at the scale of the observed volume. They ammibis result to those of a previous
paper (Ebner et al, 2015b), where the saturated aiogressively cooled down and propose
physical explanations for the differences observed.

This is potentially a good paper that proposeshagrevious papers of Ebner et al, (2015a)
and Ebner et al, (2015b) an interesting way toysthd impact of air circulation in snow. This
time, the case of a saturated air flow progresgiwerming up in a snow sample is addressed,
which consists in one of the possible cases ddrection in snow.

Among several topics, this paper has possible gapbns for the study of snow subjected to
wind (e.g. Seligman 1936; Champollion et al 20J@xmeability measurements (e.g. Jordan
et al, 1999; Arakawa et al, 2009; Domine et al,3Gnd a better understanding of the matter
redistribution mechanisms occurring in TG snow mmetephism (e.g. Flin and Brzoska, 2008;
Kaempfer and Plapp, 2009; Pinzer et al, 2012; Gedagt al, 2014; Wang et al, 2014; Krol
and LOwe, in press).

This paper needs, however, improvements and datibns before publication. Here are my
main concerns, with some suggestions (see “spaafitments” for more details):

1. Missing information and unclear definition oétphhysical problem:

1.1 The presentation of the physical problem neéed® improved. In particular, the concept
of "saturated air”, which is extensively used bg #uthors, is very ambiguous as soon as the
snow sample is submitted to a TG. The authors shsiate more clearly the experimental
conditions, and define precisely to which tempemtthe air is saturated (using the Td
notation for the dew point might help). From adtpresentation point of view, such crucial
information should appear as soon as possiblecipéper.

1.2 Other important information such as voxel sind the size of the region of interest (ROI)
used for the computations should be mentionedarptper.

1.3 Also, no information about the vertical positiof the ROI is available. This is, however,
an important parameter that should be taken intowad in the physical interpretation of the
experiment. See e.g. comment 4848/section 2.

2. Problems with the presentation of the physigalysis: Logical links are sometimes

difficult to follow and some explanations about theolved physical mechanisms should be
improved. See e.g. comments 4845/16-7 and 4851321-2
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3. Data post-processing and reliability: The expent is really interesting, but some
"unusual” results obtained need to be checkedifiehror discussed. It is in particular the
case of:

- Some erratic translations or changes that can bereodéd in the image series (see
the enlarged version of Fig. 2 in supplementaryeni@s). Has each image that
constitutes Fig. 2 been spatially repositioned kkato adequate references? The
beginning of the series ota3 is especially probtemB&or most series, some slight
but persistent downward translations are obsermeldshould also be commented.
See e.g. comment 4862/Fig 2.

- Fig. 3, which is a bit difficult to "read” (no ckisal rounding or TG effect) and
exhibits some post-processing artefacts. See comsm&63/Fig. 3 for suggestions.

- The otal series, which does not show any increbdee wertical component of its
conductivity when submitted to a TG only. At leastomment should be written
on this topic. See comment 4852/27-4853/2.

- Ideally, a characterization of the structural atrigoy of the snow samples would
be appropriate. See comment e.g. 4850/7-8.

4. Abstract would benefit from a reformulation:laéicks basic, but important experimental
information and do not give a sufficiently cleamsuary of the physical process occurring in
the samples.

5. The title does not describe precisely the expeni and could be improved. Here is a

suggestion: "Tomography-based observation of snatamorphism under a saturated air
flow progressively warming up inside the snow sathpl

Specific comments:

-4845/Title: Tomography-based observation of sublimation andvsneetamorphism under
temperature gradient and advective flow

1) "temperature gradient and advective conditiotig& formulation does not really allow the
reader to distinguish the present title from tkle of Ebner et al, 2015b.

From the experimental conditions, it appears thaiwsis always placed in slight but
undersaturated air flow, as the incoming air isigdéed with respect to the colder temperature
of the sample. Mentioning this important fact ie tiitle would be pertinent. At least, from a
purely didactic point of view, this would help theader to understand quickly why
sublimation occurs (abstract . 6).

2) This is a minor point but the wording "sublinuatiand snow metamorphism” seems
unusual as local sublimation is generally assumeth (condensation) as being a part of the
metamorphism process itself. Maybe replace the wtith: "sublimation during snow
metamorphism™?

See also main comment #5.

-4845/Abstract:

Clear explanations about the direction and intgredithe TG and of the air flow are missing
here. Are the air flow velocity and TG collinear?eAthey pointing toward the same
direction? Which TG and air velocity ranges arecesned? Which part of the sample was
observed (top, middle-height, etc.)? These piecksnformation are very basic, but

mandatory to understand the exact topic of thempape
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-4845/16-7:The sublimation of water vapor for saturated aowing across the snow sample
was...

1) As we are in TG conditions, please define toclwhiemperature the air is saturated (top,
middle or base of the snow sample?), i.e., givedthe point of the incoming air.

2) "sublimation of ice" would be preferable to "8atation of water vapour”

-4845/8-10:The results showed that the exothermic gas-to-gii@se change is favourable
vis-a-vis the endothermic solid-to-gas phase chatiges leading to more ice deposition than
ice sublimation.

| can hardly understand the meaning of this seetémd¢he context of the current problem,
where all the processes seem to be rather wellamqgad with combined TG and
undersaturation effects. Do the authors suspesmtidteat effects to take a significant role in
the process described? If so, additional explanatghould be added to the text. Otherwise,
removing this sentence would clarify the conclusabthe paper.

-4846/13-14However, the strong reposition process of wateramudes on the ice grains is
relevant for atmospheric chemistry.

The sentence seems a bit strange. Why is this ggaedevant to atmospheric chemistry? No
additional element is available in the paper. Asiads alternative would be "However, the
strong reposition process of water molecules innsntay impact its isotopic or chemical
content.”

4847/26-28:In the present work, we studied the surface dynashisnow metamorphism
under an induced temperature gradient and saturaetiow in a controlled laboratory
experiments.

Again, please define more explicitly if the airflow saturated with respect to the top, the
middle or the base of the sample. Giving the typiemperatures of the sample (T _top = -
12.5°C and T_base = -14°C) and the temperaturelewdgooint of the incoming air (T_air = -
14°C and Td_air = -14°C?) as soon as possibleamp#per would really help the reader.

4848/2: What is the meaning of "discrete-scale gdoftf? Do you just mean "discrete
geometry” (or "digitized geometry") or somethingmmspecific?

4848/section 2: no information about the voxel sze¢he images is clearly available. It is
however a very crucial point when considering thanges occurring in a metamorphosing
snow microstructure (especially for a rather shiare period of 108 h at about -14°C).
Important information such as the selected ROIhm sample (size and position inside the
sample) needs also to be added. As the authors, kimewertical position of the ROI is
especially important as soon as TG metamorphismomcerned. For example, if a snow
sample is submitted to vertical gradient (Tbhase5X2, Ttop=-14°C) with no air flow, the
base is known to undergo strong sublimation whke top undergoes condensation: people
observing only the upper part of the sample wowldctude into an ice mass increase, while
people looking at the base part would reach exagposite conclusions. The central part is
however known to be constant in density (Schneeb@li Sokratov, 2004; Srivastava et al,
2009; Calonne et al 2014), which is consistent witlat is observed in this experiment. It
should however be noticed that additional air fimakes the problem much more complex,
exhibiting supplementary reasons for vertical waoies depending on air flow velocity (see
e.g. Fig. 5 of Calonne et al, 2015).
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4848/11-13Natural identical snow produced in a cold laboratd6chleef et al., 2014] was
used for the snow sample preparation (water tentpeea30 °C; air temperature: —20 °C).
Such information on water and air temperatures sqaarticularly system-dependent. Would
it be possible for the authors to indicate tempgeataind humidity (Td?) in the nucleation
chamber?

Are there specific reasons for the choice of sngue tC1f/G6 ("hollow columns with germs™
as described by Schleef et al, 2014)?

4848/25-27The segmented data were used to calculate a triategiice matrix surface and
tetrahedrons inscribed into the ice structure. Muaofogical parameters such as porosity
(epsilon) and specific surface area (SSA) were tadeculated.

As stressed in preceding reviews, several mesh adetlare known to provide biased
estimations of SSA (see e.g. Flin et al, 2011).

-4849/1: Opening size distribution was applied=> "An opening-based morphological
operation was applied..."

-4849/18:The morphological evolution was similar betweenfallr experiments and only a
slight rounding and coarsening was visually obsdrv&own in Fig. 2, indicating that the
initial ice grain did not change with time. Onlyarsening processes of the ice grain were
observed for example, Fig. 3 shows the locationsubfimation and deposition for “ota3”
and “ota4”.

These sentences are not very clear and some asseséem to contradict each other.

4850/3:the temporal porosity distributio® "the temporal evolution of the porosity"

4850/7-8: A coarsening was observed for each experiment litirifluence of changing
airflow was not visible, confirmed by the tempd&A evolution, shown in Fig. 4c.

Have the authors tried to quantify snow structamakotropy? From detailed observation of
the final images of Fig. 2 (see supplementary majeit seems the higher the velocity, the
less horizontally-layered the structure.

4850/9-11:Although the repositioning of water molecules lke@tsmoothing of the ice grains,
it did not affect the heat transfer in the snowe Tiermal conductivity slightly increased after
applying airflow to the temperature gradient...

Heat transfer is actually made of different conttibns (conduction, convection, radiation,
latent heat...) but the authors limited their compate to the determination of the vertical
component of the effective conductivity from thetabed tomographic images. This
formulation might be more adequate: "The repositignof water molecules led to a
smoothing of the ice grains, but did not affect ¢baductivity of snow. This quantity slightly

increased after applying airflow to the temperatyraient.”

4850/16-18:The kinetic phase-change from gas to solid is paéle over solid to gas as
energy is released rather than consumed leadingntwe ice deposition rather than ice
sublimation.

Like in the abstract, this sentence sounds veangt to me, and is neither supported by what
follows in the discussion nor by the reported ekpent. See also lines 4854/21/22 in the text.
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4851/3-4: The superposition of vertical cross-section in FR.shows a big effect on
reposition of water molecules on the ice structure.

Due to the acquisition process (slight variabilaf the X-ray source leading to small
differences in the reconstruction parameters, ,elge) 3D images can generally undergo tiny
translations and rotations with time. Has each entwat constitutes Fig. 3 been spatially
repositioned thanks to adequate references? Howitwase? See also comment 4862/Fig. 2.

4851/5-6:Continued sublimation and deposition of water males due the Kelvin-effect led
to a saturation of the pore space.

Does this sentence concern the snow samples lsttoteng the experiment? In the described
experiment, we have:

1) a significant temperature gradient;

2) an air advection effect, which brings cold amng a@r onto slightly warmer ice surfaces;

Is really Kelvin effect (also known as curvaturdéeef) occurring in this case? What about
Clausius-Clapeyron equation? Some physical exptamabf the whole paragraph are rather
difficult to follow and should be clarified.

4851/15-18....sublimation inside a snowpack has a significafltué@nce not on the total net
mass change but on the structural orientation efife grains due to redistribution of water
vapor on the ice matrix

1) What does "sublimation inside a snowpack" atguakean? It seems it would be better to
replace this wording by "advection of cold satuleae into a slightly warmer snowpack".

2) It is also important to notice that the expemtnpresented in the paper does not allow
drawing any conclusion on potential "skin effecis®, on what happens near the interfaces
(snow-air interface, interface between 2 distiragters in the snowpack...). However, "skin
effects” are particularly important as far as snagky TG and undersaturated flow are
considered.

3) Also, what is actually meant by "structural atetion"? | there a way to quantify this
impact? See also comment 4850/7-8.

4851/21-23:0ur results support the hypothesis of Neumann.g2809) that sublimation is
limited by vapour diffusion into the pore spacengtthan sublimation at crystals faces.

| could not understand the logical process by wilhehauthor reached this conclusion. Would
it be possible to improve the related explanations?

4852/27-4853/2:Thermal conductivity changed insignificantly in seeexperiments. This
indicates that advective cold airflow opposite totemperature gradient reduces or
suppresses the increase in thermal conductivityalswbserved by temperature gradient
metamorphism (Riche and Schneebeli, 2013).

It should be noticed that this stable conductivstyalso true for experiment otal, which is a
pure TG experiment as it occurs without any airemtion: why an increase in the vertical
component of the thermal conductivity is not obedrin this particular case? Are the results
sufficiently reproducible (difficulty of precise igerature control on a small snow sample,
problem of representative elementary volume for dbmputation of thermal conductivity,
dependence of the morphology with the vertical fomsiof the investigated sample, etc.) to
draw conclusions on this topic? Are there otheswoea to explain the conductivity evolution
of otal?

F. Flin 5



4855/8-10:Conditions (1) and (3) showed that they have aigiéxdg effect on the structural
changes of the ice matrix and can be neglectednfmave models for firn compaction and
evolution.

For conditions (3), this sentence seems in cordtiadi with some parts of the paper, where
the morphological changes are considered as stgnifin 108 h of experiment (see e.g Fig. 3
and 4851/3-4).

4862/Fig. 2: Please add flow velocities in the fegand voxel size in the caption. From the
enlarged view (supplement file) it can be noticddhtt microstructures show erratic
translations with time: it is the case for otalt{Een 0 and 15 h) and ota2 (between 75 and
90 h) where fast downward translations occur. lantartefact of the image acquisition
process or is it linked to a physical process (ssettling under its own weight (Schleef et al,
2014a), which is generally considered as unlikehder significant TG, sublimation of
underlying snow, etc.)? Artefacts should be coa@cand physical processes explicitly
mentioned in the article's text.

For ota3, the series show clearly erratic vertitahslations between 0 and 30 h, with a
completely different structure at 30 h, before metng to something more like the original
image after 45 h. Could these positioning probldmsrelated to the strong variations
observed in conductivity (Fig. 4 — ota3) betweeand 30 h? Please check.

See also comment of 4850/7-8.

4863/Fig. 3: is a bit deceiving: in particularekhibits a voxel-size horizontal layering, which
is typically obtained when image processing algpong (median and Gaussian filters,
threshold...) are only applied in 2D on horizontabss-sections without considering the
vertical direction. | suggest really using a 3De#lrold method to improve the quality and
reliability of the images. If necessary, some iatimins and references can be found in e.g.,
Hagenmuller et al, 2013 (p. 862-863).

It seems also difficult to deduce a general tremdstiblimation and deposition sites. Maybe a
3D view with a color code proportional to the maaskinterface speed or an adequate graph
(see e.g. Krol and Lowe, in press) would help.

4864/Fig. 4. please specify (caption and/or teRf sizes of the samples on which these
properties have been obtained. Are volumes reptadenfor the considered properties?

Technical comments:

-4847/28:experiments> "experiment”

-4847/10whistler-like crystals> "whisker-like crystals"

-4848/6:in a cold laboratory temperatur® "at a cold laboratory temperature”
-4848/11: Natural identical snow> Nature identical snow

-4849/18:initial ice grain - initial ice grains

-4849/19:the ice grain> the ice grains

-4851/5:analyze volume> analyzed volume

-4855/11:seem> "seems"

-4864/Fig. 4: A "(b)" is missing in the caption.
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