Dear Florent, dear Reviewers,

besides the changes which are already indicated in the response letters in the TCD
comments section, additional changes in the manuscript were necessary to comply with all
your comments during the first revision. Overall, these changes greatly helped to improve the
manuscript, this is at least what | think. In particular:

* We have discarded the explicit emphasis on crystal habit in the title and throughout the
paper and replaced it by a more general emphasis of “morphology”. This allows to
discuss all quantities (SSA, crystal habit, Euler characteristic) as different aspects of
morphology. As a consequence, we have combined our results on crystal habit and
Euler characteristic in one part in the results subsection “Influence of other
morphological properties”. Therefore we moved our results on the Euler characteristic,
which were before previously simply dumped in the “overview” section, to this new
section. This also helped to clarify the confusion about the influence of stress on the
SSA evolution (raised by Reviewer 1)

* As a consequence of these strategic changes, the introduction and discussion were
significantly rewritten to allow for a concise presentation. This also helped to better
explain the main goal of the present paper, which was criticized by Reviewer 2.

* By request from the Editor, we have included a comparison of the present
parametrization to an existing one, which now appears as the last section in the results
part.

A final comment/request: We know that the community has recently decided to consistently
provide SSA values in units of m*2/kg. This paper is however the last of a sequence of related
papers about new snow (Schleef and Lowe 2013, Schleef et al 2014a, Schleef et al 2014Db)
where the SSA was always given in units of 1/mm (to stress its meaning of an inverse length
scale). For consistency between within these related results, we thus decided to stick to 1/mm
also in this paper for a last time. The conversion between both is given in the methods section
anyway.

All changes made to the document are monitored by a latex-diff which is attached to this
letter.

Kind regards,
Henning Lowe
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Abstract. Laboratory-based, experimental data for the microstrat®volution of new snow is

scarce, though applications would benefit from a quantgatharacterization of the maiechanrism

underyingtheinitial-micrestructurathangeimfluences To this end we have analyzed the metamor-

phism and concurrent densification of new snow under isotheconditions by means of X-ray

5 microtomography and compiled a comprehensive data set tirébserieseverirgthepractically

relevanishertiime behavierwithin-thefirst-_In contrastto previousmeasurementsn isothermal

metamorphison time scalesof weeksto months,we analyzedthe initial 24-48 hia-of snow

evolutionat high temporal resolutiopf threehours The data setemprisegomprisechatural and

laboratory grown snow and experimental conditiersudeincludedsystematic variations of over-
10 burden stress, temperature and crystal habit to addressdimeinfluences on specific surface area

(SSA) decrease rate and densification ratesiaalsnowpack. For all conditions wied-atinear

inereaseof-the-densitywith-thefound a linear relation betweendensityand SSA, indicating that
metamorphism haakey-animmediateinfluence for the densification of new sno®erreberated
15 howeverdependson the other parametersvhich were analyzedindividually to derive a best-fit

parametrization for the SSA decrease rate and the dengificaiteasrequiredforapplications

morphologicalinfluenceon the SSA decreaseate. In turn, the SSA decreaseate constitutedthe
maininfluenceonthedensificatiorrate
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1 Introduction

The temporal evolution of new snow is delicate, since faahges of bulk density or specific surface
area (SSA) as key microstructural characteristics oskarthrwithin hours after snowfall. Various
applications rely on a quantitative understanding of theisial snowpack processes. For avalanche
prediction a fast or slowly densifying snowpack eventudiscerns between conditions of high or
low snowpack stabilitgreinitial-. Initial modeling uncertainties of the densificatidansitywill
propagate and persist through the entire season (Stearkegéal., 2009). The density of snow is
also important for hydrological applications where estesaf snow water equivalent are commonly
obtained from snow height measurements of meteorologiatibas via empirical correlations be-
tween height and density. The development of these paraaigins is complicated by intermediate
snow falls andtssherttime-evelutionduringsubsegquenghorttime densification (McCreight and
Small, 2013). If the state of the snowpack is instead moeit@ia remote sensing, the key quantity
is snow albedo which is mainly determined via SSA (Flannérzender, 200&)rdeven. Eventhin
layers of new snow have a measurable impact on the total shs@(Perovich, 2007). Finally,
the validation of winter precipitation schemes for metéagcal models also rely on the connection
between airborne crystal sizes (which might be relateddadrtherse SSA) and the bulk densities of
new snow (Thompson et al., 2008).

Fromamodelingperspectivécor manyapplicationground-truthmeasurementrenotavailable
andthe evolution of new snow on the grousdamustbe addressed by snowpaeledelswhich
modeling. Snowpackmodelsprimarily aim at a description of densification rates in terofi over-
burden and temperature (Jordan, 1991; Lehning et al., 200@net et al., 2012)Semesftheselo

copewith the needsof applicationsior metricsof crystalsize andmorphology,someof the mod-
els also includehe-micrestructuran-termsefempiricabmpirical, microstructuraparameters such
as grain size, dendricisydspherieity—Fhese, sphericityor coordinatiomumber, The choiceof
somemetricof connectivity. Theseempiricalparameters are however ambiguséaise determined
objectivelyandand cannotbe measuredbjectively for aggregatednow. Thereforerecent ver-
sions of snowpack modelm-atreplacinghavereplacedthe empirical parameterdy objective
thereplacemenof grain size by thespticalradius{erinversespeeifiesurfacearea)SSA (or more
precisely the opticalradius)(Carmagnola et al., 2014jhich is consideredsthe mostimportant,
morphologicaparametenf snowwhich can be measuresbjectivelyin the field by various tech-
niquesn i idati : i i
speeifiesurfaceareawhichean.
snowmicrostructureVariousphysicalpropertieiavebeershownto beinfluencedby morphological
characteristicheyondthe SSA, e.g. thermalconductivity (Lowe et al., 2013)y anisotropy,the
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extinctionof light (Libois et al., 2013py grain shapethe scatteringof microwavedy correlation
lengths(Wiesmann et al., 1998)r confinedcompressiorof new snowby the Euler characteristic

(Schleef et al., 2014b)The Euler characteristigs a topologicalmetric for the connectivityof the
structure(Michelsen et al., 2003)One one handit might be regardedas a generalizatiorof the
grain-basedoncepof acoordinatiomumber(Lehning et al., 2002 arbitrary3D microstructures.
revealdetailsof temperaturgradientmetamorphisniCalonne et al., 2014Theserecentadvances

in microstructurainsightareindeedchecessargndimportantbutnoneof thesehigher-levelmorphological

metrics have beenimplementedin snow modelsyet, not to mentionthe difficulties to measure
them by methodsother than micro-computedomography(x.CT). In the absenceof advancedo

include or alternativelymeasurenigher-levelmetrics, the density andthe SSA muststill be con-
sidered as the most important microstructural parameteriié-aferementionednodelscurrent
snowpackmodels; A goodrepresentationf the time evolution theseparameterss a minimum
processeBke metamorphisnanddensificatiorunderawide rangeof environmentatonditions
Previeushfromtheperspectivef laboratoryexperimentssome progress has begentlymade

to understand the physical mechanisms underlying new seagification and metamorphism within
creep experiments (Schleef and Lowe, 2013). The resudtsate that the evolution of the SSA oc-
cursratherautonomously without being affected by the concurrent dfieation. The experiments
were carried out for a single type a&ture-identicasnowmakenew snow at a single temperature.
Fhis-However,this small range of experimental conditionsHeweverof only limited —direetuse
for the aforementioned applicationsdthe validationof models To cover a wide range efatural
environmentatonditions for snow types and temperatures, applicatiomsa@uratyinterested in
best fit behavior of large data sets which are essential lneadts to validate and drive snow evo-
lution models. Bata:From the perspectiveof field experimentssomedatasets are available for
well-aged seasonal snow (Dominé et al., 2007) and datapgrérents which includes new snow
at the beginning (Cabanes et al., 2002, 2003; Legagneux, &0813; Taillandier et al., 2007). But
comparable data from in-situ experiments which monitoreb@ution of thesame sample of new
snow at high temporal resolution is almost non-existent.

To fill this gap we present a comprehensive data setrebgraphyCT experiments for new snow
densification and metamorphism covering various examdlestrral and laboratory-grown new
snow with a wide range afrystathabits-By-carryingoutinitial crystalmorphologiesTheprimary
Ouraimis o bridgefrom high-levellaboratoryexperimentso thecapabilitiesof field measurements



95 the mostimportant,yet available parametersor snowmodels,namelythe density,temperature,
100 The outine of the paperis asfollows. In section2 we briefly summarizethe methodsfor

the experimentsand the analysiswhich have beenpreviously publishedelsewherg(Schleef and
Lowe, 2013; Schleef et al., 2014a,b)Ve presentin-situ creep experiments at different tempera-

tures and overburden stressagd monitor the evolution of the main microstructural parameters,
thenamelyice volume fractions——andthe SSA-ismenitoredtypically-¢; and SSA over one to
105 two days at a temporal resolution of 3 hours. A reference ixmat over an entire week indi-
cates that this is sufficient to capture the main aspects ofastructural changesis-a-generic
genericresult we consistently find an almost linear relation between thesidy and the specific
surface areaith differentslopes though,which dependon the specificconditions(section3.2).
110  In thefollowing we separatelyiscussheinfluenceof temperaturdsection3,3) andmorphological

ive rise to particularitieswhich are pointedout. In section3.5 we addresgshe combinedeffects
of all parametersn densificationrate and SSA decreaseate Based orthis-ebservatiorandour

genericrelationbetweenSSA anddensityandbasedon previous modeling idea®+the-SSAand
115 densificatiorratewepresenive derivesimple parametrizations for theicrestructurabveolutionof
rateequationof SSA anddensityfor new snow in terms of the most importpatameterfor-snow
modelsnamelyéss, yet available,parametersiamely ¢;, SSA, temperatur@ and stresg. Fhe

matarara n 0

120 teinterpretcompressiemxperiment®fnewsnewOur parametrizatiorior the SSAis comparedo

anexistingparametrizatioriTaillandier et al., 2007 section3.5. Finally, we discussour resultsin
sectiond.

2 Methods

Forthefollowingaisothermatomoaraphymeasurementndtheiranalvsisyverefertofor anelaborate

125 deseriptionofthe-experimentatbletalls—or-a self-contained presentation we summarize the main
steps of the method and outline differences or extensio(®daleef and Lowe, 2013; Schleef et al.,
2014a,b).

All snow samples were prepared from fresh snow, which waseeitollected outside or pro-
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duced with a machine in the cold laboratory (Schleef et 8l142) referredto asnaturalsnowand
snowmakesnow,respectively An overview of all sets of experiments with their main cluiesistics

is givenin Table 1. The natural snow was collected just detlie cold laboratory in Davos, Switzer-
land, during the winters 2011/2012 and 2012/2028ly-To minimizepreviousmetamorphismpnly
intense snowfalls at air temperatures below -2°C with a digpo time less than an hour were cho-
sero-minimize previousmetamorphism Immediately afterwards the snow was sieved (mesh size
1 mm) into sample holders of 18 mm diameter with 15 mm fillingghé In between, photographs
of sieved snow crystals were taken to capture the crystat.h&ach set of snow samples com-
prised several identically prepared samples which wenedtn a freezer at66—60°C to nearly
suppressesuppressnetamorphism until the experiments (Kaempfer and Schriie@b@7). In to-
tal, 8 sets of snow samples from different natural snow fatld 6 sets from different snowmaker
runs were prepareghich-arelistedin(Table

Fhe). In Schleef and Lowe (2013)e haveaddressedhe potentialbias causedby different
threeweeksat —60°C in the SSArangeof around70mm” ! couldbemeasuredby ;,CT. Thestorage
influenceobservedor somesamplegSSA: ~2%, density:~5%) is generallysmallcomparedo the

All experiments were conducted within at most 3 weeks after Eaprpparation. The respective
sample was placed in the cold laboratory one hour beforetstenfieasurement for thermal equili-
bration. For some experiments (Table 1) a cylindrical weigbrrespondindo a stressof 133, 215
or 318 Parespectivelywas carefully put on the sample half an hour before startiegfitst mea-
surement to analyze the influence of external stress. Stedsss were chosen to mimic different
potential bury depths of new snow inside the snowpack, ttesstvalues correspond to bury depths
of about 0-30 cm, given an average new snow density of 100kg m

The measurements were conducted with a desktop computegtaph («CT 80, SCANCO med-
ical) operated in a cold laboratory at isothermal tempeestof about -13 or -18°C. For a single set
(no. 14, cf. Table 1) the temperature was varied systenligticahigher values of about -3 and
-8°C to investigate the influence of temperature. For thasgptes the temperature was recorded
during the whole experiment with a sensor (iButton deviodje sealing cap of the sample holder.
All samples were kept undisturbed in th€T during the whole experiment which took one or two
days. In one cas¢he measurement was extended to an entire wg€N. scans of a fixegdelume
ef6-3mmheight(cylindrical) sub-volumen the middle of thesamplesamplewith total heightof
6.3mmwere conducted automatically with a time-interval of 3 l®uFhe nominal resolution was
10 um voxel size and the energy 45 kV. One scan took about two houtstal, 45 time series were
measured leading to more than 600T scans.

For the analysisa cubic volume of 6.3 mm edge length was extracted for eaclsunement and

segmented into a binary file of ice and air. From the resuBibgmages the ice fraction and the spe-
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cific surface area was calculated (details in (Schleef anwd,2013)). In the following the results
are exclusively presented in terms of the the ice volumditraes=¢; which is directly obtained
from the uCT. The volume fraction can be related to the snow densitypedcepiea—p = @101
with the temperature dependent density of jge=9+7—926kem—=p; = 917 —920kgm 3 (0 to
-20°C) (Petrenko and Whitworth, 1999). For the SSA we useal#fmition as surface area per ice
volume, which is related to the surface area per ice mass (3B SSA=p;z=p; SSA...

Though we mainly focus on the ice volume fraction and the S&@AHe analysis we have addi-
tionally evaluated the Euler characteristiof the samples. The Euler characteristic provides infor-
mation about the topologyfthesampleavhich has been proven useful to understand the evolution
of the snow microstructure under forced compression #igrecempressiomicro-compression
device (Schleef et al., 2014b). The Euler characteristic2 — 2g is related to the interface genys
which is an indicator for the connectivity of a structure (kelsen et al., 2003). The Euler character-
istic typteattypically assumes negative values, corresponding to high positivesaf the interface
genus. The higher the genus, the loweand the higher the number sfterparticleinter-particle
contacts. We calculated the Euler characteristic fromritegral geometric approach of Minkowski
functionals outlined by Michelsen et al. (2003). In accorato the calculation of the SSA as a
surface area peéce volume we normalized the Euler characteristidy the ice volume.

For the isothermaltomographymeasurementand their analysiswe referto Schleef and Lowe
(2013)for anelaboratedescriptionof the experimentatetails.

3 Results

3.1 Overview

The natural new snow sampleisew

showlargevariationsin theinitial valuesof SSAanddensity. The snowmakesamples also varied
in their initial characteristics and parameters due teedéhttemperatursettings of thesrowmaker

machine(Schleef et al., 2014a). Overall, the initial ice volumectians ranged from about 0.05 to
0.12, the initial SSA values were in the range 62-105Thnand the initialy values were between
—2-10°mm~2 and—12-10°mm~>. The averaged initial values @f-—¢; and SSA of each new
snow type are listed in Table 1. The initial values had an @rfte on the settling, yielding a faster
densification for a lower initia#=¢; and a faster SSA decay for a higher initial SSA, but also
variations of other parameters like temperature and skedd® a high variability.

As a starting point for our subsequent analysisedgerenstrat¢hevariability-in-the-bareshow
the entiredatafor the temporalevolution of the ice volume fraction and the SSA for all sa@sgh
Figure 1 and Figure 2, respectivelipespitethe variability, sometrendsare immediatelyvisible,

e.g. aninfluenceof theinitial SSA on the subsequendecay.However,othertrendswhich may be
expectede.g. a clearorderingof the densificatiorratesaccordingo the appliedstress)areclearl
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For one randomly selected sample of natural snow at -13°Cxtended the observation to a
whole week. From the analysis we obtained the evolutiossgf-¢; and SSA at high temporal
resolution, as shown in Figure 3. For the given example, rierpal stress was applied, but the
volume fractions=¢; increased by more than 40% from an initial value of about 0Atthe same
time the SSA decreased from 77 mmto 45 mnT!. A widely confirmed decay law for the SSA
(Legagneux, 2004; Flanner and Zender, 2006; Kaempfer ahde®gbeli, 2007; Schleef and Lowe,
2013) is given by

.

1/n
SSA(t) = SSA(0) (H—T) )

with the parameters andn. A fit to the SSA data is shown in Figure 3 with the parametet27 h
andn = 3.8 (R% > 0.99).

For a visual demonstration of the microstructural evolutice combined sections of the 3D im-
ageg(snows) to a time-lapse movie which is provided as supplementargrizt The densification

and coarsening is clearly visible in the movie and occurh@dbsence of recognizable particle

rearrangements and the creation of neterparticlecontactsFhisisconfirmedby-theevelutionof

a¥a' a a a o a' alila a monoto N a fa\ a ng a a' Nnah oro
A OO0 A C d 0 v/

3.2 General relation between density and SSA

Despite theommortrendsin theevolutionof theSSAandthedensity thereis anapparent variabil-
ity of individual curvessf-densityandSSAshown in the previous sectiptreevelution. However,
the coupledevolutionof bothturns out to be governed by a generic feature. As suggest&igby
ure 3 the increase of the volume fractigns—; seems to “mirror” the SSA decay. If the ice volume
fraction¢=—¢; is plotted versus the SSA for all series (Fig. 4) an almosidirelation between both
is consistently revealed irrespective of the experimertaditions. Except for one sample, which
showed no densification at all, all other series of measunéswan be fitted tantheempirical linear

relationéree—-ea—SSA—+b-¢; = a - SSA 4 b with coefficient of variation?? > 0.94. The fit parame-

ters vary in the range=[—2 -1073,—0.2 - 10~%] andb = [0.08,0.26] depending on applied stresses,
temperatures or crystal habits, however, not in an appaysietratievay, systematievay,as shown

in Figure 4. We note that likewise a logarithmic lanfé;)=¢—SSA+b-In(¢;) =a’ - SSA+ V'
could be fitted to the data, with values=[-2 -1072,—-0.3 -1072] and¥’ = [-2.5,—0.4] and
R? > 0.93. This logarithmic dependence was suggested by Legagneix(@002); Dominé et al.
(2007). The difficulty of discerning a logarithmic from a diar relation is not surprising since
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In(z) ~ —1+ z for valuesz close to one where both models seem to be equally valid. Aleéta
analysis of the experimental parameters on the SSA evalaia the densification will be carried

out below.
3.3 Influence of temperature

To investigate the influence of different (isothermal) temgtures we measured the settling for one
set of samples (sno®%14in Table 1) aBthreedifferent laboratory temperatures. The temperature of
the samples was recorded continuously during the expet&mesulting in mean values of -3.1°C,
-8.3°C and -13.4°C. Even though additional fass-were mounted inside the.CT to minimize
temperature fluctuations, the temperature changed dudoly scan by up ta-0.5°C due to the
heating of the X-ray tube. In addition, the defrosting cgaié¢ the cold laboratory heat exchanger
caused small changes of the temperature twice a day. In theatemperature fluctuations were
at maximumt0.6°C during one day, with thieighestlargestchanges for the mean temperature of
-3.1°C. For each temperature, we conducted one serieswithweight on the sample and another
one with a weight corresponding to a stress of 133 Pa and zsththe density and the SSA.

3.3.1 Densification rate

The initial ice fractions of the samples were about 0.080.Gor the samples without applied
stress almost no densification was observed within one dagrefore a clear dependency on the
temperature could not be obtained from the data of theselsamm contrast, the series with an
applied stress of 133 Pa showed a significant, steady dextiificof 27%-48% per day which is
clearly influenced by the temperature. The temperatureanfla of the densification of snow is often
described by an Arrhenius law (Bader, 1960; Arnaud et ab02®irchner et al., 2001; Delmas,
2013)

. M E
e 05 = ven () ”

with a rate constant, an activation energg, the Boltzmann constahfz and the temperatufEy in
Kelvin. From the differences of the ice volume fraction beém successive time steps we obtain the
experimental densification rates. Following the Arrheéwg the mean densification rates per hour
for each series are plotted against the inverse tempelatidvin in Figure 5. The horizontal error
bars result from the measured temperature fluctuationsesbehe vertical errors bars indicate the
maximum deviations from the mean values. By fitting the rssiol Eq. (2) we find the parameters
v=4.8-10h—1 andE = 0.56eV (R? = 0.49) for the experiments with a stress of 133 Pa. The same
fit for the experiments without stress yields- 2.8h~! andE = 0.16eV (R? = 0.99), however, there
was onlyamarginal change of the density.
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3.3.2 SSA decrease rate

The initial SSA of the samplesasrangedbetween 70-78 mm'. For all samples a steady decay
of 12-31% in one day could be measured. Figure 6 shows the B®Ardecay per hour with error
bars calculated in the same way as described for the icédneetolution. The SSA decay increased
significantly with higher temperatures. At a temperaturalmfut -13°C the decay was almost inde-
pendent of the applied stress. In contrast, for higher teatpees the experiments with a stress of
133 Pa showed an accelerated rate of SSA decay. The temedrdtuence can be best described
with an empirical linear relatio$SA = T + § with the parametera = —0.02 and 3 = —0.62
(R%>0.99) for the experiments with stregs=6g =0, anda = —0.04, 3= —0.99 (R* = 0.99) for
p=1330 =133 Pa. This is valid if the temperature is given in °C &flA in units mnT'h—'.
In Figure 6 the experiments at higher temperatureszand-33g = 133 Pa have a disproportionate
error on the SSA rate, which is caused by a much higher SSArdifte between the first two mea-
surements of the time series. By neglecting the first measemg the difference of the SSA rate at
high temperatures between the experiments with and withmpited stress would only be small.
The particularity of the first time stepijmrthrrevealed by the Euler characteristic, whickligwn
for#~-3°Canalyzeelow.

3.4 Influence of other morphological properties

3.4.1 Euler characteristic

rate, In thesecasesthe rate increasedslightly with increasingtemperatureput an influenceof
externalstresswas not observed, This is shownfor one example(snow 9) in Figure Z—Fhe
measurementh For someexperimentsat higher temperaturesthis monotonicbehaviorof the
Euler characteristiadisappears. The measuremenwithout applied stresshow (snow 14, -3°C,
g = 0Pa)showsa monotonic increase, similar to ththerexperimentsitlowertemperaturesimilar
to the evolution of thesneweekmeasuremenine-weekmeasuremer(snows) and similar to the

%M%e&ha@&nma%&u%ngmesedeseﬁb&bye&msmleef and Lowe
(2013)-

measuremenmh—as#esseﬂ snow9). Howeverif thestresgs changedo 133 Pahewevershewed

the beginningof the experimentis observed. After this initial phase the connectivity decreased

again monotonically (i.e. increase gj similar to the evolution of the corresponding experiment

without applied stress. The rate was however slightly low®ucha significantdecreasef the
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Eulercharacteristiovithin thefirst 3 hoursbetweerthefirst andthe secondneasuremerttasbeen

observedonly for a few measurementgredominantlyat higher temperature. This decreasef
the Euler characteristicorrespond$o anincreaseof the numberof inter-particlecontactswhich
contributego the decreasef the SSA (Schleef et al. (2014p) Thesecasegjaverise to the larger

errorin the SSAratefor highertemperatures Figure6.
3.5 lmfuensceienenlhalblt
3.4.1 Crystal habit

Finally we turn toapparenvisualdifferences in therystathabit-andtheirpossiblanfluencesnthe
irgnorphologyof the crystals From the photographs wesuldeomparecomparedhe crystal

habits of our samples to the classification of natural snowstats (Kikuchi et al., 2013), as listed
in Table 1. In most cases we observed broken parts of theataperystal types, whichrelikehy
causedy-themight be causedyy sieving. But also wind can lead to broken crystals in natang),
we could still identify the original crystal for the class#ition. An unambiguous classification for
each snow sample was however not possible, because eacle samfained a mixture of different
erystaldiabits This was particularly the case for natural snow. For somepses, however, specific
crystal habits dominatéleeshape

Figure 8 shows two examples of natural snow samples with @opbiothe prominent crystal
habit and the correspondingCT image of the initial structure. The samplebettor(Figure 8,
bottom)is the one with the evolution shown in Figure 3 (snow 5 in Tahlewith dominant crystal
habit of skeletal columns with scrolls (C3c) and combinagiof columns and bullets (Ala). For
comparison we picked-sample(tepinanothersample(Figure § top) which had almost the same
initial ice fraction (snow 2 in Table 1) but a different doratmg crystal habit (broad branches,
P2b). This sample was unique since no densification at altldoel measured within two days at
-18°C, in contrast to the previous sample (snow 5) which gtbavdensification of about 18#%the
sametime-within the samespanat -13°C. However, theighlargedifference cannot be explained
by the temperature, because for all other samples there ieend for the densification between
the measurements at -13 or -18°C. There are also other sauwjite smaller differences in the
densification rates for the same volume fraction and the damperature and stress. In contrast,
for the SSA decay rate no clear influence of the crystal hasitfeen found. In most cases the SSA
evolution at the same temperature is identical for the sag#e\@alues.

10
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3.5 Combined influence of stress,temperature and morphology: Parametrizationsfer—+ate
SELEHERS

3.5.1 SSAdecreasgate

To provide an overall quantitative description of the SSArdase ratesith-timeandthedensification

ratewhichaccountgor all measuredjuantitiesye set up aimpleparametrization based @nevieus
ourobservations and existingedelsinconceptdrom literature.

Fothisendwenotethat
3.5.1 SSAdecreasaate

For the SSA decreasave startfrom the widely used power larem-Eggivenin Eq. (1). Thisis

motivatedby the very goodagreemenbf Eq. (1) for the one-weekmeasuremeniFigure 3) even

thoughalsootherfunctionalformsarediscussedin literature(Taillandier et al., 2007)To proceed,
we notethatEq. (1) is the solution of the differential rate equation

SSA = A.SSA™ (3)

if the parameters from Eq1) are chosen according to=m —1 and7 = ——--SSA(0)~". The
proportionality ofr to SSA(0)~™ is in accordance with the derivation from Legagneux (20@4).
the other hand our observations fr&actiersection3.3 indicate a linear influence of themperature
on the SSA decrease rate-thetemperaturewhile-, But no influence on the applied stress has

been observeduring coarseningexceptonecasediscussedn section3.3.2 In addition, we have
observed thafor somecasesthe initial SSA rateder-semeeasesare influenced by topological

changes during densification (Fig. 7), as described by therEbaracteristigy (section3.4.1) In

summary we chose the following form for the statistical mode
SSA = (a+bT)SSA™ +cx 4)

with the parameters, b, c andm. Incorporating the topological influengein an additive way in
Eq. (4) is thereby in accordance to the relation found by aasgion experiments (Schleef et al.,
2014b) With-thatTherebywe consider that the SSA is not only affected by metamorpbistalso
by the number of contacts during settling between the icengraCrucial topological changes, i.e.
the creation of new contacts within the structure, occuomg for a few samples at the beginning
of the series of measurements.

A fit of Eq. (4) to the SSA rates obtained from the differedt8SA /At of successive measure-
ment within typically three hours for our complete data setd/a =2.9-10"7,6=9.5-10"" c =
—3.5-107% andm = 3.5 with {R? = 0.83 }—Fhisisvalidfortemperaturgiven{ T in °C, the SSA
inunitseESSAIN mm~! andy in gritsmm™3). The scatter plot between modeled and measured
SSA rates is shown in Figure 9.
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If we neglect the measurements where noticeable topologh@nges { < 0) occurred, which
was only the case far8ten samples for the first measurements, we caersimplify the model
to

SSA = (a/+'T)SSA™ (5)

leading to fit parameters’ = 1.1-107%,’ =3.1-1078 andm’ = 3.1. In this case we obtain an
even improved performanc&{=0.87). This is particularly interesting, given the praatilifficuity
impossibilityto measure the Euler characteristic without tomography.

3.5.2 Densification rate

A parametrization for the densification raig=¢; for all measurements turns out to be more com-
plicated than foBSA, sinceeéﬁgj;iis not only influenced by temperature and the initial vaie
¢i,0 but also by the stress and the crystal habit, as describedebef

To motivate a model which aims to fit the entire data we starhfthe common stress dependence
of the strain rate for visco-plastic flow of polycrystallime which is commonly described by Glen’s
law for secondary creep,= Ac* (Petrenko and Whitworth, 1999). A similar form is believede
valid for snow (Kirchner et al., 2001). In a one-dimensiosyatem, the strain ratecan be taken as
the relative densification ra&éf&%(cf. also Schleef and Lowe (2013)) leading to

biceti/icei = Ac* (6)

with a constantd containing the rate of the process.
On the other hand we have empirically observed that the velwattion is almost linearly related

to thespeeifiesurfacearedSSA (section3.2). Hence we chose the rate in Eq. (6) to be determined
mainly by the SSA ratdé=BSSA-, A= BSSA, and end up with

AAANAAAAANAAAAL
Dicei/ Picei = BSSA* (7)

for our parametrization model, which includes two paramset8 andk. We note that integrating
Eq. (7) in fact impliesa{éw~5SA-In(¢i) ~ SSA and not a linear dependence. This is however
in accordance with the result froBectien3-2section3.2, where the logarithmic or the linear rela-
tion are indistinguishable. Thus Eq. (7) constitutes ageable trade off and naturally includes a
dependence of the densification rate on the density itself.

A fit of Eq. (7) to the densification ratesstainedfrom-thedifferencest-A¢; At obtainedfrom
successive measurements within typically three hoursdiorcomplete data set yield3 = —6.6 -
10~3 andk =0.18. This is valid for stresses given in units of Pa && in units mnT'h=1. We
note that samples without a weight are assigned a remaindrgzero stress of 5 Pa caused by the
small but non-negligible overburden of the overlying snowide theCT sample holder on top
of the evaluation cube. The same value was chosen by Schilddftave (2013). The scatter plot
between modeled and measured densification rates is shdviguire 10, yieldingk? = 0.82.
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We-notethatAs suggestedy the resultsfrom (Schleef et al., 2014b}he Euler characteristic

hasan influenceon the densificationby discerningdifferent connectivities. Accordingly, a slight

improvementof the parametrization (Aright-be-slightly-improvedis obtainedby including the
Euler characteristic via

Picei/ Picei = (B'a* +C" x)SSA (8)
which yieldsR? = 0.85. In contrastto Eq. (4), wherethe additivedependencef the SSAdecrease

ontheEulercharacteristievasmotivatedby processnsight(Schleef et al., 2014bdheinclusionof
xIn (8)s purelyempirical.

3.6 Comparisonto an existing parametrization

from Taillandier et al. (2007)who deriveda parametrizatiosS Aoz (£.7,SSA(0)) ((EQ, 13)in
temperaturd” andinitial valueSSA(0), Theparametrizatiomvasderivedfrom SSAmeasurements
equivalento ourparametrizatioSSA t.T.SSA(0)) whichis obtainedromintegratingeqg.(5).
To comparethe overall trendsof hoth parametrizationsye have computedthe SSA difference
after 48h, ASSA x (48h) = $SAx (48h, T,SSA(0)) ~ $SA x (0, 7,SSA(0) for both formulations
X =T2007,S20140 provideameasuref theaveragedSAdecayrateonthefirst dayaftersnowfall.
Touserealisticvaluesfor (7,SSA (0)) fromrealdata-setsye haveevaluatedhedifferenceASSA y (48h
for the presentiataset(45 tuplesof (7.55A(0))), theisothermakxperimentd -9 from (Taillandier
et al., 2007)(9 tuples), and the experimentsl-5 from (Legagneux et al., 2003p tuples). The
parametrizatiorof the SSA decayrate is biasedlow comparedo (Taillandier et al., 2007) This
biasremainsalsoif ASSA x(¢) is evaluatedor othertimest. Howeverthe parametrizatiod 2007
basedBET measurementandthe parametrizatior52014basedon CT measurementare clearly
SSA0).

4 Discussion
4.1 Main result

We start the discussidrermwith the parametrization of the SSA and the densification for mesws

under isothermal conditionSéctionsection3.5). We-netethatourexperimentfocusebnlyonrnew
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The parametrizations are motivated by available modelth®SSA (Legagneux, 2004) and Glen’s
435 law for creep of polycrystalline ice (Petrenko and Whituri999). Mest-Conceptuallycurrent

snowpack models (Vionnet et al., 2012; Jordan, 1991; Baated Lehning, 2002) use a similar

approach for the densification, berestill based on traditional grain sizereeraingo characterize

the microstructureReeenthOnly recently the model Crocus wasiedifiedto-usedirecty-SSAte

expresshe-microstructuralprepertiesre-formulatedCarmagnola et al., 20149 use SSA asthe
440 simplestobjective,morphologicatetricdirectly,

Ourexperiment$ocusednly onnewsnowwith low densityandhigh SSAandmostof ourresults
areprobablynotvalid for denseisnow In contrast to denser snow under isothermal metamorphism,

we found that the densification rate is directly related taam®rphism via the SSAecreaseate.
This is reflected by the consistent linear variation of treviolume fraction with the SSA (Fig. 4).

445 This observation was implemented in the parametrizatioma lpyefactor in the densification rate
which is proportional to the SSA rate. We have set up the pendration for the densification in
a way to guarantee that both evolution laws are only depémtethe quantitiesz=—¢; (or the
density), the stress, the specific surface area SSA and the temperatute best fit the entire,
available data of new snowHherebyThesequantitiesare directly availablein snowpackmodels

450 andEgs. (5, 7) provide a closed set of empirical, microstruaitavolution equations for the density
and the SSA under isothermal conditions. BoticrostructuraparametersSSA and density can be
obtained in the field-alsowithout the use of tomography (Matzl and Schneebeli, 20G8ieGet al.,
2009; Arnaud and Picard, 2011).

455

4.2 Comparisonto other parametrizations

Qur comparisonwith the parametrizatiorirom (Taillandier et al., 2007Jsection3.6) hasrevealed
thatourparametrizatiot4) alwaysunderestimatehieaveragSAdecayin 48hfor giventemperature

460 andinitial SSAwhencomparedo theirresult(Figurell). Differentexplanationgor thesedifferences
arepossible. First, both parametrizationsire basedon differenttime scales. Our measurements
(Taillandier et al., 2007jocuseson the evolutionup to 100 days, wherethe first measurement

465 weightfor longertimes. Secondifferencesin the magnitudeof temperaturdluctuationsmight
havean influence. If the isothermalexperimentsrom (Taillandier et al., 2007)ere subjectto
temperatureiuctuationslarger than our accuracyof +£0.6°C, thesefluctuationsmight causean

increaseof the SSA decayrate accordingto mechanismsnentionedin (Pinzer and Schneebeli,
2009) A guantitativeestimateof this effectis howevemot yet possible. Third, a systematigerror
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of the,CT measuremensomparedo BET measurementssedin (Taillandier et al., 2007atthese
veryhigh SSAvaluescouldnotberuledout, The comparisorof BET andy,CT from (Kerbrat et al.,
2008)hasnot revealeda systematidias, though but the uncertaintybetweerbothmethodsclearly
increasest high SSAvalues. For very high SSA values,our uCT measurementsith voxel size
from Figure11 obtainedrom thetwo parametrizationsyhich werebasecbn differentexperimental
parameters

4.3 SSA decrease rate

Our simple parametrization for the SSA changey#)dsyielded good agreement for almost all
of our measurement data. The exponentbtained from the fit must be compareditdrom the
widely used Eq. (1) vim =m — 1, yieldingn =2.5. As already outlined by (Schleef and Lowe,
2013), the precise value of is difficult to estimate, if the duration of the experimentsisilar

to 7, which is typically in the order of one day. This is confirmedthe eneweekmeasurement
whichallewsone-weekmeasurementhichalloweda better estimate of the fit parametersin Eq. (1).
The obtained exponent= 3.8 agreesagreedvell with the results of Legagneux (2004) who found
n=3.4—5.0 at a temperature of -15°C. In contrast, the results of thet sinoe measurements did
not lead to a conclusive estimate for Also the fits to the 2 day time series by Schleef and Lowe
(2013) gave higher values afand only an adapted combination of all series resuti@ula similarn

of about 3.9. However the value= 2.5 indicates thateven for short timgghe SSA decrease rate is
dominantly influenced by the present value of the SSA in alimear way. It is generally believed
that the value ofz is also influenced by temperatyneotentially caused by different underlying
mechanisms of mass transport (Vetter et al., 2010; Lowé,&2Gl1). In view of the difficulties of
estimatingn for the short time serigsve have restricted ourselves to an inclusion of the tempezat
dependence into the prefactor in Eq. (4) to account for tleelacation of metamorphism at higher
temperatures (Fig. 6).

We have previously observed that the SSA evoluigamasin fact independent of the densification
—er+espectivehor the applied stresgespectivelySchleef and Lowe, 2013). Thiswasconfirmed
here for all experiments conductedsdteutiower temperaturesf -13°C or -18°C (cf Table Iyhich

anthushegeneralizedo-all examinednew snowtynes Furthermorein aene &Mgr
seemdo begenerallyvalid for all examinedypesof newsnow. In addition,no difference could be
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observed between the evolution of sieyedtural new snowamplesand snowmaker snow, which is
in agreement to the results presented by Schleef et al. 80THhereasorfor the negligiblestress

to the SSA decreaséSchleef et al., 2014b)This was howeverobservedonly for a few cases.If
measurementsith an appliedstressof 133 Paat temperaturesf -3°C and-8°C. Exactlyfor these
which s not capturedby the model (4). The datais howevertoo limited to investigatethis effect
in greaterdetail, Apartfrom that, the parametrizatiorq, (4), which is solely basedon common

4.4 Densification rate

The analysis ofi=¢; is based on the observation of the almost linear relatiomésen the evolution

of ¢—¢; and SSA for each series of measurement (Fig. 4). Measursméhiegagneux et al.
(2002); Dominé et al. (200 Breweeashowa logarithmic relation between density and SSA, which
wasis however derived from independent measurements in a sdasmvepack andeveregcovers
much wider SSA and density ranges. As outlineéaetionsection3.2 a logarithmic relation for
each of our series of measurement would also be possible d&adehe linear relation might only
be an approximation for short observation timgsis howevernot the functionalform which is
related.

In contrast to the SSA rate, a direct temperature depend#ribe densification rate is less pro-
nounced in the overall behavigrthe densificatiorrate—This-eriginates, This stemsfrom the fact
that the main impact of densification comes from metamorpliiself via the SSA rate in Eq7),
which implicitly contains a temperature dependence asudged in the previous section. In gen-
eralve-weuld-alseoexpect, onemay expectalsoan explicit temperature dependence for the creep
rate A in Eq. (7). ThededicatedArrheniusanalysis of the temperature dependence for one of the
sets for two stress values (Fig.&)ealgevealedhat the densification is almost negligible for the
case without weight. For the experiments with applied steefaster rate o&%could only
be observed at about -3°C. The Arrhenius fit (2) yields arvatitin energy in the same order of
magnitude as known for different possible processes inabelft 1 eV, Kirchner et al. (2001) and
references therein), but the limited amount of data with quee series of measurement at -3°C and
133 Pa did not allow for conclusive parameter estimatesai@inig reliable data for higher tempera-
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tures by desktop tomography is generally difficult, sinaettmescales of the fast structural changes
of new snow are already in the order of the scanmitgrvaldimes;imageartifactsarise Due to this
technicalimitation, most experiments were conducted at -13°C or -18°C where nergktrend for

a faster densification at higher temperatures could be vbder

4.5 RemaininguneertaintiesThe influence of other morphological parameters

Besides the most importagarametermicrostructuraparametersidensity and SSAwe have also
classifieccrystalhabitsto makecontacto traditionalcharacterizatioof crystalmorphologyandcal-

culated the Euler characterigti

We, to makecontactto moreadvanceanorphologicalmetrics.
4.5.1 Crystal habit

Forselectedxamplestheclassificatiorof crystalhabitshashelpedo empiricallyinterpretexperimental
SSAastheonly morphologicaparameterit seemainlikely thatSSAs asufficientmorphological
descriptionof newsnowtype in the densificatiorrate, assuggestedby Eq. (7). However,for most
of our measurementshe parametrizatiorEq. (7) works reasonablywell, eventhoughonly two
someinfluenceof the habit might be acknowledgedput future effort shouldratheraim at other

452 Euler characteristic

As suggestedy recentcompressiorexperimentof new snow (Schleef et al., 2014b}he Euler

characteristianight be a candidatemorphologicalparameteito betterinterpretthe evolution of
SSA anddensity. Quantitatively,we have seen that the inclusion of the Euler characteristibén t

parametrizations with Eq§4) and (8)only makes a slight difference for the very initial stage where
some particleearrangemente-arrangementsre noticeablen-generaiwe-ebservedertor the
majority of sampleghatwe observeda monotonicincreaseof the Euler characterisstoweda
moenotoneudacreaseor equivalently anonetensugnonotonicdecrease of the number of contacts.

This is expecte treps a consequencef coarseningf bicontinuousmorphologies
alone(Kwon et al., 200% i i wherecontactsmade

of fine filaments,disappear For a highly porous material like new snow, the slow creefprhea-

tion considered here does not cause significant structes@irangements and new contacts. This is
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confirmed by the visual inspection of the deformation fromhovie (cf. supplementary material).

metamorphisrefnewsnew-SolelyforFora few experimen the Eulercharacteristic
signaledan increase of the connectivity at the beginning. This wasctise for samples with faster
creep rates due to higher temperature, highsrssandbtresser a very tenuoustrueture—n
this-easestructures.In thesecasesan influence on the evolution of SSA asg=¢; can be ob-
served-Butin-generakhese, which is not capturedoy Egs.(4) and(8). However,initial structural
re-arrangements stabilize quickly. This is consistenhwit-mechanisref-externally forced re-
arrangements in deformation controlled compression éxeits (Schleef et al., 2014b), in a less
pronounced way, though.

thatSSA-Hs-asufficientgeometricaldeseriptionOverall, the inclusion of the Euler characteristic
asadditionalmorphologicabarametedoesnot seemto be crucial for isothermaldensificatiorand

at leastfor lower temperaturesHowever the Euler characteristit©asclearly helpedto identi

situationswherethe evolutionwas not only governedby coarseningalone. In common snowpack
modelsheshape, additionalmorphologicainformationbeyondSSAis empirically included in the
dendricity parameter (Vionnet et al., 2012; Lehning et2002). Fheinclusionofsuchaparameter
seemdo-beerucial-eventhoughitisThis parameteis actuallynot sufficiently exploited yet since
new snow isemmenlyalwaysassigned the same dendricity, irrespective ofthesnewtypeactual

remainingscatterin SSA decreaseate and densificationrateis anissue To improve the under-
standing of new snow densification beyond Ef).it seems important to replace also the dendricity

by an objective microstructural parameter which captuedsvantdifferences in crystahabit-er
shapenorphology A candidate might be the anisotropy paraméep) as pursued by Lowe et al.
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(2013); Calonne et al. (2014) to reduce the scatter in thee fdathe thermal conductivity. A direct
application of the methods from Lowe et al. (2013) is howewat possible, since the correlation

615 function for new snow can certainly not be approximated biyreoke exponential form. A potential
generalization of the methods from Lowe et al. (2013)ptaidi tothe evolutionof new snowijsteft
forwill beaddresseih future work.

5 Conclusions

620

compiledalargedata

625 setof 45 time series(anda total of 600 4CT measurements)f in-situ experimentsf new snow
densificatiorandmetamorphisnby CT. For a quantitative characterizatiohall experimentswe
have derived a parametrization for the SSA decrease andfidatisn rate which performs rea-
sonably well(R? = 0.87.0.82, respectively)for the entire data set 6f5-time-series{and-a-total
of-600+CFmeasurements)f new snow experiments which were evaluated for the premesit

630 ysis. Fhoughadvancedmnicrostructuralcharacteristied he parametrizatioris only basedon the
parameterSSA, density temperatureandstresswhich arealreadyavailablein currentsnowpack
metricslike the Eulemumbercharacteristigive additional insight in the interpretation of thensificatien

635 experimenisitis-SSA and density evolution, the parametrizationgiave howevernot improved
fastmicrostructurathangeslt is howeverlikely that an additionathapeparametemorphological
parametebesidesthe SSA is required to reduce the remaining scatter in the desoripti new

640 snow densificationThis will requireadditional theoreticalwork to guidethe choiceof arelevant
parameteandsuggestunctionalformsfor parametrizationa/hichimproveexistingones.

The comparisonof our parametrizatiorfor the SSA (as a function of time, temperatureand
initial SSA)with a formally equivalentone from (Taillandier et al., 2007hasrevealeda biasin
theabsolutevaluesof SSAdecreasehetrendsof bothformulationsarehoweverhighly consistent.

645 Thesetrendscanbe probablyalsoreproducedy simpler SSA retrievalmethods(otherthan,CT
snowpackmodels. We haveshownthatthe rate of SSA decreasandtherebythe SSAitself has

19



robablythe mostdominantinfluenceon isothermaldensificationof newsnow. Hence,monitorin

the SSA for operationalurposesnight greatly help to constrainthe initial densificationof snow
650 aftersnowfall.
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Fig. 1. Evolution of the ice volume fractiogi=¢; for all samples FheeolerofthesymbelsColorsindicate

different stress valués red 0 Pa, blue 133 Pa, green 215 Pa, magenta 3i8Aedhetemperaturésenceded
by-. Symbolsindicateddifferentsymbelsitemperatures] -18°C, (O -13°C,» -8°C, () -3°C)
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Fig. 2. Evolution of the SSA for all sampleSheeoleref-thesymbelsColorsindicate different stress valugs
red 0 Pa, blue 133 Pa, green 215 Pa, magenta 3i8reidhe temperaturdsencodeddy-symbels(-, Symbols
indicateddifferenttemperaturesz] -18°C, () -13°C,» -8°C, { -3°C)
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Fig. 3. Evolution of icevolume fraction and SSA in one week at about -13°C. The iniidIstructure and

crystal habit of thisraturatsnewsampleexperimentare shown in Figure 8ootton) and listed as snow 5 in
Table 1. A fitfer-of the SSAaeeerdingto Eq. (1) is plotted as black line.

SSA (mm_l)

Fig. 4. CempariserbetweertheevelutionPlot of the icevolumefraction aneversusthe speeifiesurfacearea
ofourcompletedatashewingSSATor all experimentgevealsan almost linear relation for eadime seriesf

measurement Legend: stress indicated by colors: red 0 Pa, blue 133 Rang?215 Pa, magenta 318 Pa;

temperature indicated by symbols:-18°C, (O -13°C,1> -8°C, ¢ -3°C; snewtypesareindistinguishable.
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Fig. 7. Selectedexamplesof the evolution of the Euler characteristicy for experimentsatdifferent
temperaturgsew snow types (cf. Table 1) during the first day of settlement: The one-weekmeasurement

snows, Fig. 3), two examplesf snow9 with differentappliedstressegtakenfrom Schleef and Lowe (2018)

andtwo examplef snow14 with different, appliedstressest-3°C.,
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Fig. 8. Examples of natural snow samples with a photograph oéxeerptarycrystal habit and apCT image
of the initial structure. The parameters of the sample abi@@:o~-6-+¢; 0~ 0.1 and SSA ~ 62mm ™~

(snow 2 in Table 1), and of the sample at bottetaso~-6-3¢; 0~ 0.1 and SSA ~ 77mm™" (snow 5 in
Table 1, evolution shown in Fig. 3).

28



=
[ [ N

A SSA/At measured (mm ™ th™Y)
o
o

0 0.5 1 1.5 2
A SSA/At modeled (mm™th™Y)

Fig. 9. MedeledScatterplot of SSAchangeacesrdingio-decayratesSSA, computedrom Eq. (4) (horizontal
axis)versusmeastringesuttgneasurements-egend:stresDifferent stresseareindicated by colors: red 0 Pa,

blue 133 Pa, green 215 Pa, magenta 318&aperaturdifferenttemperatureareindicated bythe symbols:
0-18°C,O -13°C,> -8°C, ¢ -3°C; snow types are indistinguishable.
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Fig. 10. MedeledScatterplot of densificatioratese/ paceerdingte-, computedrom Eq. (7) (horizontalaxis)
versusmeasuringesuitsneasurement@erticalaxis) Legend:stresdifferent stresseareindicated by colors:

red 0 Pa, blue 133 Pa, green 215 Pa, magenta 318&PRgeraturaifferent temperaturesire indicated by
symbols:[1-18°C, (O -13°C,> -8°C, { -3°C; snow types are indistinguishable.
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Fig. 11. Scatteplot of thepredictedSSAdifferenceASSA (48h) after48h,obtainedrom theparametrizations

Eg. (13) in Taillandier et al. (2007)vertical axis) and from the presentparametrizationgg. (5) (horizontal

axis), which wererespectivelyappliedto the differentavailabledatasetglegend).Seetext for furtherdetails.
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Table 1. Overviewof experiments Set IDs (1-8) correspond to natural snow while (9-14)ire-identieal

snowmakesnowsamplegrownin thelab. The sets 9 and 10 were already used in Schleef and Lowe 2013

included here for comparison. For each set the number oflseamjp and the total number of measurements

N fromthepersamplein atime series are given in addition to applied stressesd used temperaturds

The initial values of ice fractios:_-¢; , and specific surface ar&8A, are averages over all samples within

ice,0

the set. For all observed crystal habits the classificatiomber is given according to Kikuchi et al. (2013),

including potentially broken parts (I13a) of them.

SnowID Ns;  Nn o T Dicen SSA0 Class. No.
Pa °C mnT*
1 2 32 133, 215 -18 0.08 92 P3a, P3b, R1c, H1a, I2a
2 5 76 0,133, 215, 318 -18 0.11 64 P2b, P4c, P4d
3 7 90 0,133, 215, 318 -18 0.07 102 P3a, Rlc, 12a
4 4 43 0, 133, 215, 318 -18 0.08 91 P3b, R1c
5 2 68 0 -13 0.11 77 C3b, C3c, C4d, P3a, P3b, Ala
6 2 30 0 -13 0.09 75 P3b, P4e, P4f, A2a, R1c
7 2 24 0 -13 0.08 92 C4b, C4d, P2b, Hl1a, H1b
8 2 24 0 -13 0.06 86 Pla, P2a, P3a, P3b, P4e, P4g
9 7 111 0,133,215, 318 -18 0.11 66 not analyzed
10 2 32 215 -18 0.10 69 not analyzed
11 1 19 0 -13 0.07 74 P3b, P3c, P4c
12 2 23 0 -13 0.07 75 P3b, P3c
13 1 8 0 -13 0.12 66 Cla, C1b, Clc, I1a
14 6 48 0, 133 -3,-8,-13  0.08 74 P3b, P3c
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