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Abstract. Laboratory-based, experimental data for the mi- key microstructural characteristics occur within hours after
crostructural evolution of new snow are scarce, though apsnowfall. Various applications rely on a quantitative under-
plications would benefit from a quantitative characterizationstanding of these initial snowpack processes. For avalanche
of the main influences. To this end, we have analyzed theprediction, a fast or slowly densifying snowpack eventually
metamorphism and concurrent densification of new snow undiscerns between conditions of high or low snowpack sta-
der isothermal conditions by means of X-ray microtomog- bility. Initial modeling uncertainties of the densification will
raphy and compiled a comprehensive data set of 45 timgropagate and persist through the entire seaSteinkogler
series. In contrast to previous measurements on isothermat al, 2009. The density of snow is also important for hydro-
metamorphism on time scales of weeks to months, we anlogical applications, where estimates of snow-water equiva-
alyzed the initial 24—-48 h of snow evolution at a high tem- lent are commonly obtained from snow-height measurements
poral resolution of 3 hours. The data set comprised naturabf meteorological stations via empirical correlations between
and laboratory-grown snow, and experimental conditions in-height and density. The development of these parameteri-
cluded systematic variations of overburden stress, temperazations is complicated by intermediate snow falls and short
ture and crystal habit to address the main influences on spdime densificationNIcCreight and Small2014). If the state
cific surface area (SSA) decrease rate and densification ratef the snowpack is instead monitored via remote sensing, the
in a snowpack. For all conditions, we found a linear relation key quantity is snow albedo, which is mainly determined via
between density and SSA, indicating that metamorphism ha§SA (Flanner and Zende2006. Even thin layers of new
an immediate influence for the densification of new snow.snow have a measurable impact on the total snow albedo
The slope of the linear relation, however, depends on thgPerovich 2007). Finally, the validation of winter precipi-
other parameters which were analyzed individually to derivetation schemes for meteorological models also relies on the
a best-fit parameterization for the SSA decrease rate and degonnection between airborne crystal sizes (which might be
sification rate. In the investigated parameter range, we foundelated to the inverse SSA) and the bulk densities of new
that the initial value of the SSA constituted the main morpho-snow (Thompson et a]2008.
logical influence on the SSA decrease rate. In turn, the SSA For many applications, ground-truth measurements are not
decrease rate constituted the main influence on the densificavailable, and the evolution of new snow on the ground must
tion rate. be addressed by snowpack modeling. Snowpack models pri-
marily aim at a description of densification rates in terms of
overburden and temperaturdofdan 1991 Lehning et al.
1 Introduction 2002 Vionnet et al, 2012). To cope with the needs of appli-
cations for metrics of crystal size and morphology, some of
The temporal evolution of new snow is delicate, since fastthe models also include empirical, microstructural parame-
changes in bulk density or specific surface area (SSA) agers, such as grain size, dendricity, sphericity or coordination
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number. The choice of these microstructural parameters igle type of new snow obtained from a snowmaker at a sin-
motivated by the natural variation of snow-crystal habits, gle temperatureSchleef et al.20143. However, this small
plus some metric of connectivity. These empirical parametergange of experimental conditions is only of limited use for
are, however, ambiguous and cannot be measured objectivethe aforementioned applications and the validation of mod-
for aggregated snow. Therefore recent versions of snowpackls. To cover a wide range of environmental conditions for
models have replaced the empirical parameters by objectivenow types and temperatures, applications are interested in
ones which can be uniquely defined for arbitrary bicontin- best-fit behavior of large data sets which are essential bench-
uous structures. Of primary interest was the replacement ofmarks to validate and drive snow-evolution models. From the
grain size by the SSA (or, more precisely, the optical radius)perspective of field experiments, some data sets are available
(Carmagnola et 312014 which is considered as the most for well-aged seasonal sno®@¢mine et al.2007) and data
important, morphological parameter of snow which can beof experiments which include new snow in their first few
measured in the field by various techniques. days of evolution Cabanes et 3l2002 2003 Legagneux
Besides SSA, there is certainly a demand for higher-levelet al, 2003 Taillandier et al. 2007). However, comparable
morphological metrics to characterize snow microstructure.data from in situ experiments which monitor the evolution of
Various physical properties have been shown to be influencethe same sample of new snow at high temporal resolution are
by morphological characteristics beyond the SSA, e.g., theralmost non-existent.
mal conductivity (6we et al, 2013 by anisotropy, the ex- To fill this gap, we present a comprehensive data set of
tinction of light (Libois et al, 2013 by grain shape, the scat- pCT experiments for new snow densification and metamor-
tering of microwaves by correlation lengtiigsmannetal.  phism covering various examples of natural and laboratory-
1998 or confined compression of new snow by the Euler grown new snow with a wide range of initial crystal mor-
characteristic§chleef et al.2014. The Euler characteris- phologies. The primary goal of the present work is to pro-
tic is a topological metric for the connectivity of the struc- vide laboratory-based experimental data for validation pur-
ture Michelsen et al.2003. On the one hand, it might be poses. Our aim is to bridge the gap between high-level labo-
regarded as a generalization of the grain-based concept of @tory experiments and the capabilities of field measurements
coordination numbelLehning et al.2002 to arbitrary three- by assessing whether densification and metamorphism under
dimensional microstructures. On the other hand, the Euleisothermal conditions can be described by the most impor-
characteristic is also exactly related to the average Gaugtant yet available parameters for snow models, namely the
sian curvature. The Euler characteristic thus constitutes a linklensity, temperature, overburden stress and the SSA. We fo-
to structure characterization in terms of full distributions of cus on the SSA as the most important morphological met-
interfacial curvatures as a high-level morphological metric.ric for snow microstructure. To relate to the original idea of
This has, for example, recently been used to reveal details ofrystal classification, we include a qualitative characteriza-
temperature-gradient metamorphis@a{onne et a.2014. tion of our experiments in terms of crystal-habit classes. To
These recent advances in microstructural insight are indeedhake contact with recent high-level morphological metrics,
necessary and important, but none of these higher-level momwe also analyze the Euler characteristic.
phological metrics have been implemented in snow models The outline of the paper is as follows: in Segtwe briefly
yet, not to mention the difficulties of measuring them by summarize the methods for the experiments and the analy-
methods other than micro-computed tomography (UCT). Inses which have been previously published elsewt&zkléef
the absence of advances to include or alternatively measurand Lowe 2013 Schleef et al.2014ab). We present in situ
higher-level metrics, the density and the SSA must still becreep experiments at different temperatures and overburden
considered as the most important microstructural parameterstresses, and monitor the evolution of the main microstruc-
for current snowpack models. A good representation of thetural parameters, namely ice volume fractipnand SSA
time evolution of these parameters is a minimum requiremenbver 1 to 2 days at a temporal resolution of 3 h. A reference
for these models. To reveal shortcomings of present modelsxperiment over an entire week indicates that this is suffi-
there is a need to bridge the gap between laboratory-basecient in order to capture the main aspects of microstructural
techniques (e.g., UCT) and field techniques in order to fa-changes. The results of the experiments are given in Sect.
cilitate the validation of basic processes like metamorphismAs an interesting generic result, we consistently find an al-
and densification under a wide range of environmental conmost linear relation between the density and the SSA, with
ditions. different slopes, however, which depend on the specific con-
From the perspective of laboratory experiments, someditions (Sect.3.2). In the following, we separately discuss
progress has recently been made in understanding the phyfhe influence of temperature (Se8t3) and morphological
ical mechanisms underlying new snow densification andcharacteristics (Sec8.4) on densification rate and SSA de-
metamorphism within creep experimenBhleef and LOwe  crease rate. The different stress levels give rise to particu-
2013. The results indicate that the evolution of the SSA oc- larities which are pointed out. In Sect. 3.5, we address the
curs autonomously without being affected by the concurrenicombined effects of all parameters on densification rate and
densification. The experiments were carried out for a sin-SSA decrease rate. Based on our generic relation between
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SSA and density, and based on previous modeling ideas, The measurements were conducted with a computer tomo-
we derive simple parameterizations for the rate equation ofyraph (UCT 80, desktop system, SCANCO medical) operated
SSA and density for new snow in terms of the most impor-in a cold laboratory at isothermal temperatures of abal®

tant yet available parameters, namglySSA, temperatur@ or —18°C. For a single set (no. 14, cf. Tablg, the tem-

and stresg. Our parameterization for the SSA is compared perature was varied systematically between higher values of
to an existing parameterizatiofidjllandier et al. 2007 in about—3 and—8°C to investigate the influence of temper-
Sect. 3.6. Finally, we discuss our results in Séct. ature. For these samples, the temperature was recorded dur-
ing the whole experiment with a sensor (iButton device) in
the sealing cap of the sample holder. All samples were kept
undisturbed in the uCT during the whole experiment which

. . . .took 1 or 2 days. In one case, the measurement was extended
For a self-contained presentation we summarize the main

steps of the method and outline differences or extensions tct)O an entire week. LCT scans of a fixed (cylindrical) sub-

Schleef and Lowg2013: Schleef et al(2014a b). volume in the middle of the sample Wlth. a totgl hglght of
. 6.3mm were conducted automatically with a time-interval
All snow samples were prepared from fresh snow which

was either collected outside or produced with a machineOf 3h. The nominal resolution was 10 um voxel size and the

in the cold laboratory $chleef et al. 20143, referred to energy 45kV. One scan took about 2 hours. In total, 45 time
P ” “ " . series were measured, leading to more than 600 uCT scans.
as “natural snow” and “snowmaker snow”, respectively. An

: : . ) ) For the analysis, a cubic volume of 6.3 mm edge length
overview of all sets of experiments with their main charac- . .
N . was extracted for each measurement and segmented into a bi-
teristics is given in Tabld. The natural snow was collected

. . . . . nary file of ice and air. From the resulting three-dimensional
just outside the cold laboratory in Davos, Switzerland, during. : . .
X L images, the ice fraction and the SSA was calculated — details
the winters of 2011/2012 and 2012/2013. To minimize pre-. . .
. . . . in Schleef and Lowé2013. In the following, the results are
vious metamorphism, only intense snowfalls at air tempera-

N . L exclusively presented in terms of the the ice volume fraction
tures below—2°C with a deposition time less than an hour o .
. . i, which is directly obtained from the uCT. The volume frac-
were chosen. Immediately afterwards, the snow was sieve

(mesh size 1 mm) into sample holders of an 18 mm diame-Ion can be related to the show denSity pia= ¢i pi with th3e
ter with a 15 mm filling height. In between, photographs of temperature dependent density of jge= 917— 920 kg nt

sieved snow crystals were taken to capture the crystal habit(.o t0—20°C) (Petrenko and Whitwortf1999. For the SSA,

. ) ; Wwe use the definition as surface area per ice volume, which
Each set of snow samples comprised several identically pre-

pared samples which were stored in a freezer-60°C. 'S_ reSIi;ted to the surface area per ice mass (3% SSA=
The storage conditions suppress metamorphism almost con‘l‘z'cfl’_hoégr'] we mainly focus on the ice volume fraction and
pletely prior to the experiment&@empfer and Schneebeli the SSA for the analysis, we have additionally evaluated
2007). In total, eight sgts of snow samples from different nat- the Euler characteristig o’f the samples. The Euler char-
yvg:esgr()evg;raélj g_';%gxlsestcs:hflge'?a(::girgvr\]/ggi’gr?s:;_mnsacteristic provides information about the topology which
o L . ' Qas been proven useful to understand the evolution of the
tential bias caused by different storage times was addresseshoW microstructure under forced compression in a micro-
We found that no systematic Changeoin the SSA and denSit)(:ompression devicesghleef et al.20148. The Euler char-
during storage tirrl1es of 3 weeks-ab0 C in the SSA range acteristic y = 2— 2¢ is related t'o the i.nterface genus
.Of around 70mm™ could be measured by UCT. The st.orfage which is an indicator for the connectivity of a structure
influence observed for some samples (S5 %, density: (cf. e.g.,Michelsen et al.(2003). The Euler characteris-

~ 5 %) is generally small compared to the observed evolution,: . . . .
! . tic typically assumes negative values, corresponding to high
during the experiments.

All experiments were conducted within a maximum of 3 positive values of the interface genus. The higher the genus,
. . the lowery and the higher the number of inter-particle con-
weeks after sample preparation. The respective sample was - .
. : acts. We calculated the Euler characteristic from the inte-
placed in the cold laboratory 1 hour before the first measure- . . ; ) .
ment for thermal equilibration. For some experiments (Ta_gral geometric approach of Minkowski functionals outlined

L . . by Michelsen et al(2003. In accordance to the calculation
ble 1), a cylindrical weight, corresponding to a stress of 133, . .
. of the SSA as a surface area per ice volume, we normalized
215 or 318 Pa, respectively, was carefully put on the sam- - .
the Euler characteristig by the ice volume.

ple half an hour before starting the first measurement to ana- For the isothermal tomography measurements and their

lyze the mfl_uenpe of external _stress_. Stress values were Chodnalysis, we refer t&chleef and Lowg2013 for an elab-
sen to mimic different potential burial depths of new snow

inside the snowpack. The stress values correspond to buriaﬂralte description of the experimental details.
depths of about 0—30 cm, given an average new snow density
of 100gnT 3.

2 Methods
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Table 1. Overview of experiments. Set numbers (1-8) correspond to natural snow, while (9—14) are snowmaker snow grown in the lab. The
sets 9 and 10 were already usedichleef and Low€2013 and included here for comparison. For each set, the number of savypéesl

the total number of measurememg, per sample in a time series are given, in addition to applied stresard used temperatur@s The

initial values of ice fractiorii,o and SSASSA are averages over all samples within the set. For all observed crystal habits, the classification
number is given according tikuchi et al.(2013, including potentially broken parts (13a) of them.

Setno. Ns Nm o T diceo SSAyp  Class. no.
Pa °C mm—1
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, R1c, I12a
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, H1a, 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

3 Results
3.1 Overview

The natural, new snow samples show large variations in
the initial values of SSA and density. The snowmaker sam-
ples also varied in their initial characteristics and param-
eters due to different temperature settings of the machine<~
(Schleef et al.20143. Overall, the initial ice volume frac-

tions ranged from about 0.05 to 0.12. The initial SSA val-
ues were in the range 62—-105 mmand the initialy values

were between-2 x 1°mm~3 and —12 x 10°mm~3. The
averaged initial values @f; and SSA of each new snow type

are listed in Tablel. The initial values had an influence on ‘ ‘ ‘ ‘
the settling, yielding a faster densification for a lower initial 0 10 20 30 40
¢ and a faster SSA decay for a higher initial SSA, but varia- Time (hours)

tions of other parameters like temperature and stress also IelgiIgure 1. Evolution of the ice volume fractior; for all samples.

to a high var_lablllty_. . Colors indicate different stress values: red — 0 Pa; blue — 133 Pa;
As a starting point for our subsequent analysis, we Showyeen _ 215 pa; magenta — 318 Pa. Symbols indicated different tem-
the entire data for the temporal evolution of the ice volume peraturest] —18°C, () -13°C, » -8°C, ¢ —3°C)

fraction and the SSA for all samples in Figand Fig.2, re-
spectively. Despite the variability, some trends are immedi-
ately visible, e.g., an influence of the initial SSA on the sub- . . _
sequent decay. However, other trends which may be expectett!xOn ¢i increased by more thqn 409% from an initial value
(e.g., a clear ordering of the densification rates according t J abou} 0.11. At thle same time, th.e SSA decreased from
the applied stress) are clearly absent. A more detailed analy—7 mnT* to 45mnT . A widely confirmed decay law for
sis of the individual influences is necessary. the SSA [egagneux et a,I2004 Flanner and %endeﬁoo_a

For one randomly selected sample of natural snow a#_aempfer and Schneebel007 Schieef and Lowe2013 is

—13°C, we extended the observation to a whole week. Fromd'Ven by

the analysis, we obtained the evolutionfpfind SSA at high

temporal resolution, as shown in Fig. For the given ex- Yn

ample, no external stress was applied, but the volume fracSSAT) = SSAQ) (t+_r> ’ @)

The Cryosphere, 8, 18251838 2014 www.the-cryosphere.net/8/1825/2014/
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Time (hours)

Figure 2. Evolution of the SSA for all samples. Colors indicate Figure 4. Plot of the ice volume fraction versus the SSA for all

different stress values: red — 0 Pa; blue — 133 Pa; green — 215 P&xperiments reveals an almost linear relation for each time series.

magenta — 318 Pa. Symbols indicated different temperattes: ~ Legend: stress indicated by colors: red — 0 Pa; blue — 133 Pa; green

18°C, (O -13°C,»-8°C, ) —-3°C. — 215 Pa; magenta — 318 Pa. Temperature indicated by symbels:
18°C, (O -13°C,»—-8°C, ¢ —3°C;

3.2 General relation between density and SSA

Despite the common trends in the evolution of the SSA
and the density, there is an apparent variability of individual
curves shown in the previous section. However, the coupled
evolution of both turns out to be governed by a generic fea-
ture. As suggested by Fig, the increase of the volume frac-
tion ¢; seems to “mirror” the SSA decay. If the ice volume
fraction¢; is plotted versus the SSA for all series (FY. an
almost linear relation between both is consistently revealed,
irrespective of the experimental conditions. Except for one
sample, which showed no densification at all, all other series
‘ ‘ ‘ ‘ ‘ 20 of measurements can be fitted to the empirical linear relation
20 40 60 ?ﬁne (}%0 120140 160 180 @i = a x SSA+ b, with a coefficient of variatiork? > 0.94.
The fit parameters vary in the range= [—2 x 1073, —0.2 x

Figure 3. Evolution of ice volume fraction and SSA in 1 week at 10~3] and » = [0.08, 0.26], depending on applied stresses,
about—13°C. The initial three-dimensional structure and crystal temperatures or crystal habits; not, however, in an apparent,
habit of this experiment are shown in Fi§j(bottom) and listed as  systematic way, as shown in Fig. We note that, likewise,
snow 5 in Tablel. A fit of the SSA to Eq. 1) is plotted as black g |ogarithmic law Inigi) = a’ x SSA+ b’ could be fitted to
line. the data, with valuea’ =[—2 x 1072, —0.3 x 102] and

b’ =[—2.5,—-0.4] and R? > 0.93. This logarithmic depen-

dence was suggested bggagneux et a[2002 andDomine

et al.(2007). The difficulty of discerning a logarithmic from
with the parameters andn. A fit to the SSA data is shown 5 |inear relation is not surprising, since(t) ~ —1+ x for
in Fig. 3, with the parameters =27h andn =3.8 (R*>  yaluesx close to 1, where both models seem to be equally
0.99). valid. A detailed analysis of the experimental parameters on

~ For a visual demonstration of the microstructural evolu- the SSA evolution and the densification will be carried out
tion, we combined sections of the three-dimensional imageg)e|gw.

(snow 5) to a time-lapse movie which is provided as supple-
mentary material. The densification and coarsening is clearly
visible in the movie and occurs in the absence of recogniz-
able particle rearrangements and the creation of new inter-
particle contacts.

SSA (mm™ ")
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Figure 5. Densification rate averaged over 24 h as a function of tem-

Figure 6. SSA decay rate averaged over 24 h as a function of tem-
perature.

perature.

3.3 Influence of temperature with a rate constant, an activation energg, the Boltzmann

constantg and the temperaturEg in Kelvin. From the dif-
To investigate the influence of different (isothermal) tem- ferences of the ice volume fraction between successive time
peratures, we measured the settling for one set of samplegieps, we obtain the experimental densification rates. Follow-
(snow 14 in Tablel) at three different laboratory tempera- ing the Arrhenius law, the mean densification rates per hour
tures. The temperature of the samples was recorded contiffor each series are plotted against the inverse temperature in
uously during the experiments, resulting in mean values ofelyin in Fig. 5. The horizontal error bars result from the
—3.1°C, -8.3°C and—13.4°C. Even though additional fans - measured temperature fluctuations, whereas the vertical er-
were mounted inside the uCT to minimize temperature fluc-rors bars indicate the maximum deviations from the mean
tuations, the temperature changed during each scan by up tyes. By fitting the results to EcR) we find the parame-
+0.5°C due to the heating of the X-ray tube. In addition, ters), = 4.8 x 108h~1 and E = 0.56eV (R2 = 0.49) for the
the defrosting cycles of the cold laboratory heat exchangegyperiments with a stress of 133 Pa. The same fit for the ex-
caused small changes in the temperature twice a day. In totaheriments without stress yields= 2.8h~1 andE = 0.16eV
the temperature fluctuations were at a maximura=@.6°C (R2? = 0.99). However, there was only a marginal change in
over 1 day, with the largest changes for the mean temperne density.
ature at—3.1°C. For each temperature, we conducted one
series without a weight on the sample and another one with 8.3.2 SSA decrease rate
weight corresponding to a stress of 133 Pa, and we analyzed

the density and the SSA. The initial SSA of the samples ranged between 70 and
78 mnT 1. For all samples, a steady decay of 12-31% in 1
3.3.1 Densification rate day could be measured. Figueshows the mean SSA de-

cay per hour, with error bars calculated in the same way as
The initial ice volume fractions of the samples were aboutdescribed for the ice-fraction evolution. The SSA decay in-
0.06-0.09. For the samples without applied stress, almost noreased significantly with higher temperatures. At a temper-
densification was observed in 1 day. Therefore a clear deature of about-13°C, the decay was almost independent of
pendency on the temperature could not be obtained from théhe applied stress. In contrast, for higher temperatures, the
data of these samples. In contrast, the series with an applieexperiments with a stress of 133 Pa showed an accelerated
stress of 133 Pa showed a significant, steady densification afate of SSA decay. The temperature influence can be best
27-48% per day, which is clearly influenced by the tempera-described with an empirical linear relati@SA=« T + 8,
ture. The temperature influence of the densification of snowwith the parameters = —0.02 andg = —0.62 (R? > 0.99)
is often described by an Arrhenius ladder 1960 Arnaud  for the experiments with streges= 0, anda = —0.04, 8 =

et al, 200Q Kirchner et al, 200 Delmas 2013, —0.99 (R? = 0.99) for 0 = 133 Pa. This is valid if the tem-
perature is given iiC andSSA in units mnmtth~1. In Fig. 6,

. the experiments at higher temperatures and 133 Pa have

/i = vexp(—kB TK) ’ (2) a disproportionate error on the SSA rate, which is caused by

The Cryosphere, 8, 18251838 2014 www.the-cryosphere.net/8/1825/2014/
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the Euler characteristic within the first 3 hours between the
first and the second measurement has been observed only for
a few measurements, predominantly at higher temperatures.
This decrease of the Euler characteristic corresponds to an
increase of the number of inter-particle contacts, which con-
tributes to the decrease of the SSBchleef et al.2014Hh).
These cases gave rise to the larger error in the SSA rate for

E -600 higher temperatures in Fig.
; -700
500 3.4.2 Crystal habit
B = -H-snow 9,-18 °C, 133 Pa
900 O,,—’O’ 'g_z:z:vvijiﬁzﬁpa Finally, we turn to apparent visual differences in the mor-
R O snow 143 °C.0Pa phology of the crystals. From the photographs, we compared
1100 ‘ ‘ < snow 14,3 °C, 133 Pa the crystal habits of our samples to the classification of natu-
o 5 TJO ") 15 20 ral snow crystalsKikuchi et al, 2013, as listed in Tabld.
Ime

In most cases, we observed broken parts of the respective
Figure 7. Selected examples of the evolution of the Euler character-Crystal types, which might be caused by sieving. However,
istic x for different new snow types (cf. Tabld during the firstday ~ also wind can lead to broken crystals in nature, and we could
of settlement: The 1-week measurement (snow 5,3jigwo exam-  still identify the original crystal for the classification. An un-
ples of snow 9 with different applied stresses (taken f®chleef ambiguous classification for each snow sample was, how-
and Lowe(2013), and two examples of snow 14 with different, ever, not possible, because each sample contained a mixture
applied stresses at3°C. of different habits. This was particularly the case for natu-
ral snow. For some samples, however, specific crystal habits

dominated.
amuch higher SSA difference between the first two measure- Figyre 8 shows two examples of natural snow samples

ments of the time series. By neglecting the first measurementyith a photo of the prominent crystal habit and the cor-
the difference of the SSA rate at high temperatures betweepssponding pCT image of the initial structure. The sam-
the experiments with and without applied stress would onlypje (Fig. 8, bottom) is the one with the evolution shown in
be small. The particularity of the first time step is revealed by Figyre 3 (snow 5 in Tablel), with dominant crystal habit
the Euler characteristic, which is analyzed below. of skeletal columns with scrolls (C3c) and combinations of
columns and bullets (Ala). For comparison, we picked an-
other sample (Fig8, top) which had almost the same initial
ice fraction (snow 2 in Tabl&) but a different dominating
crystal habit (broad branches, P2b). This sample was unique
since no densification at all could be measured within 2 days
at—18°C, in contrast to the previous sample (snow 5), which

) o . showed a densification of about 18 % within the same span
periments, the Euler characteristic increases monotoni- at—13°C. However, the large difference cannot be explained

cally with a decreasing rate. In these cases, the rate inc:reas%y the temperature, because, for all other samples, there is no

slightly with increasing temperatur'e,' but an influence of X" trend for the densification between the measurementd at
ternal stress was not observed. This is shown for one example

(snow 9 in Fig.7). For some experiments, at higher tempera- or _18. C. There are a!so other samples with smaller dlffe_r-
ences in the densification rates for the same volume fraction

tures, this monotonic behavior of the Euler characteristic dis-
. . nd the same temperature and stress. In contrast, for the SSA
appears. The measurement without applied stress (snow 14, ) !
decay rate, no clear influence of the crystal habit has been

—3°C, 0Pa) shows a monotonic increase, similar to the other, .
; e . ffound. In most cases, the SSA evolution at the same temper-
experiments at lower temperatures, similar to the evolution o

the 1-week measurement (snow 5) and similar to the experi?lture is identical for the same SSA values.

ments fromSchleef and Lowé€2013 (snow 9). However, if

the stress is changed to 133 Pa (snow 14-3tC, 133Pa), 3.5 Combined influence of stress, temperature and

a different non-monotonic evolution of the Euler character- morphology: parameterizations

istic at the beginning of the experiment is observed. After

this initial phase, the connectivity decreased again monotono provide an overall quantitative description of the SSA de-
ically (i.e., increase ofy), similar to the evolution of the crease rate and the densification rate, which accounts for all
corresponding experiment without applied stress. The rateneasured quantities, we set up a parameterization based on
was, however, slightly lower. Such a significant decrease ofur observations and existing concepts from literature.

3.4 Influence of other morphological properties
3.4.1 Euler characteristic

A few selected examples for the evolution of the Euler char-
acteristicy over 1 day are shown in Fig. For most ex-
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Figure 9. Scatterplot of SSA decay rate3SA, computed from

Eq. @) (horizontal axis) versus measurements. Different stresses
are indicated by colors: red 0Pa, blue 133 Pa, green 215Pa, ma-
genta 318 Pa; different temperatures are indicated by the symbols:
0 -18°C, O —13°C, » —-8°C, { —3°C; snow types are indistin-
guishable.

3.5.1 SSA decrease rate

For the SSA decrease, we start from the widely used power
law given in Eqg. {). This is motivated by the very good
agreement of Eq.1j for the 1-week measurement (Fig),
even though other functional forms are also discussed in lit-
erature Taillandier et al, 2007. To proceed, we note that
Eqg. (@) is the solution of the differential rate equation

SSA= A x SSA", 3)

if the parameters from Eql) are chosen according to=
m—1andr = —A—lnSSA(O)—". The proportionality ofc to
SSA0)~" is in accordance with the derivation frobegag-

neux et al(2004. On the other hand, our observations from
Sect.3.3 indicate a linear influence of the temperature on
the SSA decrease rate. However, no influence on the ap-
plied stress has been observed during coarsening, except for

Figure 8. Examples of natural snow samples with a photographOne case discussed in Se13.2 In addition, we have ob-
of the crystal habit and an uCT image of the initial structure. The Served that, for some cases, the initial SSA rates are influ-

parameters of the sample at the top #5g~ 0.1 and SSA~

enced by topological changes during densification (Bigas

62mni 1 (snow 2 in Tablel), and of the sample at the bottom described by the Euler characteristi¢Sect.3.4.1). In sum-

¢i,0~0.1 and SSA~77mn ! (snow 5 in Tablel, evolution
shown in Fig.3).

The Cryosphere, 8, 18251838 2014

mary, we chose the following form for the statistical model

SSA=(a+bT)SSA" +cx, 4)

with the parameters, b, ¢ andm. Incorporating the topo-
logical influencey in an additive way in Eq.4) is thereby in
accordance to the relation found by compression experiments
(Schleef et al.2014h. Thereby, we consider that the SSA is
not only affected by metamorphism but also by the number of
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Figure 10. Scatterplot of densification rates/¢y, computed from . . .
Eq. (7) (horizontal axis) versus measurements (vertical axis). Dif- Figure 11. Scatterplot of the predicted SSA differenaSSA48Hh)

ferent stresses are indicated by colors: red — 0 Pa; blue — 133 Pafter 48h, obtained from the parameterizations Eq. (13Jait
green — 215 Pa; magenta — 318 Pa. Different temperatures are indiandier et al(2007) (vertical axis) and from the present parameteri-
cated by symbols —18°C, O -13°C, > —-8°C, { —3°C; snow Zzation, Eq. §) (horizontal axis), which were respectively applied to
types are indistinguishable. the different available data sets (legend).

contacts during settling between the ice grains. Crucial topocommonly described by Glen’s law for secondary creep,

logical changes, i.e., the creation of new contacts within theé = Ac* (Petrenko and Whitworth1999. A similar form

structure, occurred only for a few samples at the beginnings believed to be valid for snowK{rchner et al, 2003). In

of the series of measurements. a one-dimensional system, the strain ratean be taken as
A fit of Eq. (4) to the SSA rates obtained from the differ- the relative densification rate= ¢;j/¢; (cf. alsoSchleef and

enceASSA/ At of successive measurement typically within Lowe (2013), leading to

3 hours for our complete data set yield=2.9 x 1077, b = . X

95x 1079 ¢ =—35x 103 andm = 3.5 with R2=0.83  $i/¢i = Ao, (6)

(T in°C, SSAin mntt andx in mm~3). The scatterplot be-

. . with a constanf containing the rate of the process.
tween modeled and measured SSA rates is shown irfFig. g b

X On the other hand, we have empirically observed that
Ifwe neglect the measurements where notlceabletopologfhe volume fraction is almost linearly related to the SSA

ical changesX < 0) occurred, which was only the case for (Sect.3.2). Hence, we chose the rate in E) fo be deter-

r%noo(sj::;rlrlgIes for the first measurements, we could simplify themined mainly by the SSA ratei — B SSA, and end up with

. / / !
SSA=(a'+b'T)SSA" , (5) b1/d = B SSAcK @
leading to fit parameters’ = 1.1 x 1076, b’ =3.1 x 1078
andm’ = 3.1. In this case, we obtain an even improved per- . . - o e
formance R2=0.87). This is particularly interesting, given ters, B andk. We note that integrating Eqr)in fact implies

the practical impossibility to measure the Euler characteris/N(¢1) ~ SSA and not a linear dependence. This is, however,
tic without tomography. in accordance with the result from Se8t2, in which the

logarithmic or the linear relation are indistinguishable. Thus,
3.5.2 Densification rate Eqg. (7) constitutes a reasonable trade off and naturally in-
cludes a dependence of the densification rate on the density

A parameterization for the densification ratefor all mea- itself.
surements turns out to be more complicated tharSBA, A fit of Eq. (7) to the densification rateS¢;/ At obtained
since¢; is not only influenced by temperature and the ini- from successive measurements typically within 3 hours for
tial valueg o, but also by the stress and the crystal habit, asour complete data set yields= —6.6 x 103 andk = 0.18
described before. (o in Pa andSSA in mnT1h~1). We note that samples with-

To motivate a model which aims to fit the entire data, out a weight are assigned a remaining, non-zero stress of
we start from the common stress dependence of the straib Pa, caused by the small but non-negligible overburden of
rate for visco-plastic flow of polycrystalline ice, which is the overlying snow inside the uCT sample holder on top of

for our parameterization model, which includes two parame-
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the evaluation cube. The same value was choseBdmjeef 4 Discussion
and Loéwe(2013. The scatterplot between modeled and mea-

sured densification rates is shown in Fig), yielding R? = 4.1 Main result
0.82.

As suggested by the results fragthleef et al(2014H, We start the discussion with the parameterization of the SSA
the Euler characteristic has an influence on the densificatiomnd the densification for new snow under isothermal con-
by discerning different connectivities. Accordingly, a slight ditions (Sect. 3.5). The parameterizations are motivated by
improvement of the parameterization) (s obtained by in-  available models for the SSA égagneux et al.2004 and

cluding the Euler characteristic via Glen's law for creep of polycrystalline icePétrenko and
. B} . Whitworth, 1999. Conceptually, current snowpack models
¢i/¢i = (B'a" +C' %) SSA (8)  (Vionnet et al, 2012 Jordan 1991 Bartelt and Lehning

_ ) ) 2002 use a similar approach for the densification, but still
\év'?'lceh é’;')‘;i];erigi?'t:]lcggiaig:gs‘io ’ovxhtif tEheI :rd(':hal%)ased on traditional grain size to characterize the microstruc-

ItV u ure. Only recently was the model Crocus reformulat@alr
acteristic was motivated by process insigBtifleef et al. magnolayet aJ.20)1/4) to use SSA as the simplest object(ive,
201418, the inclusion ofy in Eq. @) is purely empirical. morphological metric directly.

Our experiments focused only on new snow with low den-
sity and high SSA, and most of our results are probably
not valid for denser snow. In contrast to denser snow under
SSA evolution to an existing parameterization from isothermal metamorphism, we four_1d thgt the densification
Taillandier et al(2007, who derived a parameterization rate is d|_re_ctly related to metamorphlsm ylathe S_SA_decrease
SSAr007t, T, SSA0)) — Eq. (13) in their paper — for _rate.Th|s is reflepted _by the con3|st(_ant Imegr varlatlon.ofthe
the isothermal and quasi-isothermal evolution of the SSA/ce VF"“me fractlon_ with the SSA (F!@‘)',Th's observation .
with time (¢) for given temperature7() and initial value was |mpl'e'me.nted in the pargmetenzqﬂon by a prefactor in

A the densification rate, which is proportional to the SSA rate.

SSA0). The parameterization was derived from SS S e
measurements which were conducted by the BrunauerYVe have set up the parameterization for the densification in a

Emmett-Teller (BET) method of gas adsorption, with way to guarantee that both evolution laws are only dependent

new-snow samples collected after snowfall. With re- O the quantitiess (or the density), the stress, the SSA

spect to the involved parameters, this is exactly equiva-and theT to best fit the entire available data of new snow.

lent to our parameterization SSv14t, T, SSA0)), which These quantities are directly available in snowpack models,
is obtained from integrating Eq.5( To compare the and Eqgs. %, 7) provide a closed set of empirical, microstruc-

overall trends of both parameterizations, we have c:Om_tural evolution equations for the density and the SSA under
puted the SSA difference after 48h viAéSAx(48h) _ isothermal conditions. Both microstructural parameters, SSA

SSAy (48h T, SSA(0))—SSA (Oh, T, SSA(0)) for both for- and density can also be obtained in the field without the use

mulations X =T2007,52014, as a measure of the averaged! tomography ¥atzl and Schneebel200§ Gallet et al,

SSA decay rate on the first day after snowfall. To use realis-2009 Arnaud et al.2011).

tic values for(T, SSA0)) from real data sets, we have eval- . . L L

uated the difference\SSAy (48 h) for the present data set — 4-2 Comparison with an existing parameterization

45 tuples of(T, SSA0)) —, the isothermal experiments 1-9 ) ) L : .
from Taillandier et al(2007) (9 tuples), and the experiments Our comparison with the parameterization frdwillandier

1-5 fromLegagneux et a(2003 (5 tuples). The results are et gl. (2007 (Sect.3.6) has re\_/ealed that our parameteri-
shown in Fig.11 A clear deviation from the 1:1 line is ob- Zalion Eq. 4) always underestimates the average SSA de-
>gay in 48h for the given temperature and initial SSA when

served. In general, our parameterization of the SSA deca ! , ) X
rate is biased low, comparedTaillandier et al(2007). This compared to their result (Fid1). Different explanations for
these deviations are possible. First, both parameterizations

bias remains, even iASSAx(¢) is evaluated for others. " ’
However, the parameterization T2007, based on BET mead’e based on dlffe_rent time scales. _Our me_agurements focus
surements, and the parameterization $2014, based on ucdfly on the evolution of the SSA typically within 2 days at a
measurements, are clearly correlated. In both cases, the m3igh temporal resolution of 3h. In contrasgillandier et al.

jor influence on the SSA decrease rate stems from the initiaf2007 focuses on the evolution of the SSA over seasonal

value SSA(0). time scales from 1 to 100 days. Since their first measurement
was conducted only after 24 h, the parameterizatiomaiift
landier et al(2007) might lack accuracy in this initial stage.
Thus, for practical purposes, a combination of both parame-
terizations might be envisaged to cover all time periods. Sec-
ond, differences in the magnitude of temperature fluctuations

3.6 Comparison to an existing parameterization

Finally, we compare our parameterizatio®) (for the
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might have an influence. If the isothermal experiments fromprefactor in Eq. 4) to account for the acceleration of meta-
Taillandier et al(2007) were subject to temperature fluctua- morphism at higher temperatures (F&).
tions larger than our accuracy &f0.6°C, these fluctuations We have previously observed that the SSA evolution was
might cause an increase of the SSA decay rate, according tim fact independent of the densification or the applied stress,
mechanisms mentioned Rinzer and SchneebdR009. A respectively $chleef and Léwe2013. This was confirmed
quantitative estimate of this effect is, however, not yet possi-here for all experiments conducted at lower temperatures of
ble. Third, a systematic error of the uCT measurements com-13°C or —18°C (cf. Tablel). This behavior seems to be
pared to BET measurements usedaillandier et al(2007) generally valid for all examined types of new snow. In addi-
at these very high SSA values could not be ruled out. Thetion, no difference could be observed between the evolution
comparison of BET and UCT fromderbrat et al.(2008 has  of sieved, natural, new snow and snowmaker snow, which
not revealed a systematic bias, though, but the uncertaintys in agreement with the results presentedSmhleef et al.
between both methods clearly increases at high SSA value$20143. The reason for the negligible stress dependence
For very high SSA values, our pCT measurements with aat low temperatures is that coarsening is the only relevant
voxel size of 1um are at the limit of the resolution. Ideally, process. In these cases, the Euler characteristic is a mono-
remaining uncertainties about absolute values of very hightonic function with time (this is further explained below). At
SSA should be further investigated within dedicated inter-higher temperatures, we have also observed cases in which
comparison experiments. the Euler characteristic initially decreased. This is a clear in-
The origin of the remaining differences between both pa-dicator of structural rearrangements and newly formed ice—
rameterizations could not be convincingly explained. How- ice contacts, which contribute to the SSA decre&hleef
ever, the trends from Fid.1 obtained from the two parame- et al, 2014h. This was, however, observed only for a few
terizations, which were based on different experimental techcases. If present, the structural rearrangements and their im-
niques (UCT vs BET), are highly consistent. This motivatespact on the SSA do depend on stress. This was revealed by
to measure the SSA of new snow also by other, less demandhe 2 (out of 584ASSA/ Ar outliers in Fig.9. These are the
ing techniques in the field. This will help to explore the in- first values of the series of measurements with an applied
fluence of the initial SSA on new snow densification and im- stress of 133 Pa at temperatures-é3°C and —8°C. For
prove the performance of snowpack models. Below, we disthese exact measurements, a significant, direct influence of
cuss the particularities of the SSA decrease rate and densifthe applied stress on the SSA evolution was observed, which

cation rate in view of the involved parameters. is not captured by the modet)( The data are, however, too
limited to investigate this effect in greater detail. Apart from
4.3 SSA decrease rate that, the parameterization in Egl)( which is solely based

on common snowpack model parameters, is well suited for
Our simple parameterization for the SSA chang)ey(elded modeling the SSA decrease of new snow.
good agreement for almost all of our measurement data. The
exponentn, obtained from the fit, must be comparedito 4.4 Densification rate
from the widely used Eqlj vian = m—1, yieldingn = 2.5.
As already outlined bychleef and Low¢2013, the precise  The analysis of; is based on the observation of the almost
value ofrn is difficult to estimate if the duration of the exper- linear relation between the evolution ¢sfand SSA for each
iment is similar tor, which is typically on the order of 1 day. series of measurement (Fi§). Measurements dfegagneux
This is confirmed by the 1-week measurement which allowedet al. (2002; Domine et al.(2007 show a logarithmic re-
a better estimate of the fit parameters in Bg. The obtained lation between density and SSA, which is, however, derived
exponent: = 3.8 agreed well with the results diegagneux from independent measurements in a seasonal snowpack and
et al. (2004, who foundn = 3.4—5.0 at a temperature of covers much wider SSA and density ranges. As outlined in
—15°C. In contrast, the results of the short time measure-Sect.3.2, a logarithmic relation for each of our series of mea-
ments did not lead to a conclusive estimateA0Also, the  surements would also be possible here, and the linear relation
fits to the 2-day time series I8chleef and Low€2013 gave  might only be an approximation for short observation times.
higher values of: and only an adapted combination of all se- It is, however, not the functional form which is worth men-
ries resulted in a similat of about 3.9. However, the value tioning, but rather the fact that the density evolution and the
n = 2.5 indicates that, even for short times, the SSA decreas&SA evolution are intimately related.
rate is dominantly influenced by the present value of the SSA In contrast to the SSA rate, a direct temperature depen-
in a non-linear way. It is generally believed that the value of dence of the densification rate is less pronounced in the over-
n is also influenced by temperature, potentially caused byall behavior. This stems from the fact that the main impact of
different underlying mechanisms of mass transpvdtter  densification comes from metamorphism itself via the SSA
et al, 201Q Loéwe et al, 2011). In view of the difficulties of ~ rate in Eqg. {), which implicitly contains a temperature de-
estimating: for the short time series, we have restricted our- pendence as discussed in the previous section. In general, one
selves to an inclusion of the temperature dependence into theay also expect an explicit temperature dependence for the
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creep rated in Eq. (7). The Arrhenius analysis of the tem- seen that the inclusion of the Euler characteristic in the pa-
perature dependence for one of the sets for two stress valugameterizations with Eqs4) and 8) only makes a slight
(Fig. 5) revealed that the densification is almost negligible difference for the very initial stage at which some particle
for the case without weight. For the experiments with appliedrearrangements are noticeable. For the majority of samples,
stress, a faster rate @f /¢; could only be observed at about we observed a monotonic increase of the Euler characteris-
—3°C. The Arrhenius fit 2) yields an activation energy in tic, or, equivalently, a monotonic decrease of the number of
the same order of magnitude as known for different possiblecontacts. This is expected as a consequence of coarsening of
processes in ice (about 1 eV, #firchner et al.(2000) and  bicontinuous morphologies alonkwon et al, 2007, where
references therein), but the limited amount of data with justcontacts, made of fine filaments, disappear. For a highly
one series of measurementa2°C and 133 Pa did not allow porous material like new snow, the slow creep deformation
for conclusive parameter estimates. Obtaining reliable dataonsidered here does not cause significant structural rear-
for higher temperatures by desktop tomography is generallyangements and new contacts. This is also confirmed by vi-
difficult, since the time scales for the fast structural changessual inspection of the deformation in the movie (cf. supple-
in new snow are already on the order of the scanning timesmentary material). For a few experiments, the Euler charac-
image artifacts arise. Due to this technical limitation, mostteristic signaled an increase of the connectivity at the begin-
experiments were conducted-al3°C or —18°C, where no  ning. This was the case for samples with faster creep rates
general trend for a faster densification at higher temperaturedue to higher temperature, higher stresses or a very tenu-

could be observed. ous structures. In these cases, an influence on the evolution
_ _ of SSA andg¢; can be observed, which is not captured by
4.5 The influence of other morphological parameters Egs. @) and @). However, initial structural rearrangements

. . ) stabilize quickly. This is consistent with externally forced re-
Besides the most important microstructural parameters, densrangements in deformation controlled compression exper-

sity and SSA, we have also classified crystal habits to makgants Gchleef et al.2014, though in a less pronounced
contact to traditional characterization of crystal morphology way.

and calculated the Euler characteristic to make contact with Overall. the inclusion of the Euler characteristic as addi-

more advanced morphological metrics. tional morphological parameter does not seem to be crucial

for isothermal densification and metamorphism of new snow,
at least for lower temperatures. However, the Euler char-

For selected examples, the classification of crystal habits ha&Cteristic has clearly helped to identify situations in which

helped to empirically interpret experimental scatter. The ex-IN€ évolution was not only governed by coarsening alone. In

amples in Fig8 have shown that densification can easily dif- €0Mmon snowpack models, additional morphological infor-

fer by about 18%, which cannot be explained by the temper_mation beyond SSA is empirically in_cluded in the dend_ricity
ature difference alone. Differences in crystal habit and theifP@rameter\ionnet et al, 2012 Lehning et al, 2002. This

influence on the densification rate are not captured by our paParameter is actually not sufficiently exploited yet, since new

rameterization, which contains the SSA as the only morphoSNoW is always assigned the same dendricity, irrespective of

logical parameter. It seems unlikely that SSA is a sufficient!h® actual morphology of the crystals. The inclusion of an
morphological description of new snow type in the densifica-additional, objective parameter seems crucial, if the remain-
tion rate, as suggested by Ed).(However, for most of our ing scatter in SSA decrease rate and densification rate is an
measuréments the parameterization in é)qw(orks reason- ISsue. To improve the understanding of new snow densifica-
ably well, even though only two fit parameters are involved. fion beyond Eq.), it seems important to also replace the
In contrast, for the SSA evolution, the crystal habit does notdendricity by an objective microstructural parameter which
have an evident influence. Similar decay rates were found foF@Ptures relevant differences in crystal morphology. A can-
samples with similar initial SSA but different crystal habits. didate might be the anisotropy parameggras pursued by
Overall, the classification in terms of crystal habits was only Lowe et al.(2013; Calonne et al(2014) to reduce the scat-

of limited use. Some influence of the habit might be acknowl- €7 in the data for the thermal conductivity. A direct appli-
edged, but future effort should rather aim at other quantita-cation of the methods frorhdwe et al.(2013 is, however,

tive, morphological parameters to explain the remaining scat10t Possible, since the correlation function for new snow can
ter. certainly not be approximated by a simple exponential form.

A potential generalization of the methods fraréwe et al.
4.5.2 Euler characteristic (2013, tailored to the evolution of new snow, will be ad-
dressed in future work.
As suggested by recent compression experiments of new
snow Schleef et al.20141, the Euler characteristic might
be a candidate morphological parameter to better interpret
the evolution of SSA and density. Quantitatively, we have

4.5.1 Crystal habit
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