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Abstract.

We carried out observations of dyed water infiltration in layered snow during cold laboratory ex-
periments. We considered three different finer-over-coarser textures and three different water input
rates. Nine samples of layered snow were sieved and subjected to constant supply of tracer at 0°C. By

5 means of visual inspection, horizontal sectioning, and measurements of liquid water content, capil-
lary barriers and associated preferential flow were characterized. The dynamics of each sample were
also simulated solving Richards equation within the 1D multi-layer physically-based SNOWPACK
model. Results reveal that capillary barriers and preferential flow are relevant processes ruling the
speed of liquid water in stratified snow. Both are marked by a high degree of spatial variability at cm

10 scale and complex 3D patterns. During unsteady percolation of liquid water, observed peaks in bulk
volumetric liquid water content (LWC) at the interface reach ~ 33 - 36 vol% when the upper layer
is composed by fine snow (grain size smaller than 0.5 mm). A comparison with expected wetness at
water entry suction suggests that LWC might locally reach saturated conditions. Spatial variability
in water transmission increases with grain size, whereas we did not observe a systematic dependency
15 on water input rate for samples containing fine snow. The comparison between observed and simu-
lated LWC profiles reveals that the implementation of Richards equation reproduces the existence of
a capillary barrier for all observed cases and yields a good agreement with observed peaks in LWC

at the interface between layers.

1 Introduction

20 Liquid water movement in snow rules streamflow timing and amount dLm_d_qmsj_an_d_De_Lﬂngml
|ZDQ§ IL&hmn.g_e_Lal] |ZDDA |Eey_er_ej_alj I2Q]_4|) snowpack mechanical properties and stability in wet
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condltlons 1/, llQQd lﬁasgl and Schweizer, lﬁxﬁ Mitterer et al J lﬁu' Techel et al J
lM]lLeLeLan.d_S_c.hw_e.lzml IZQ].3] MLLLQL@I_e_t_al] IZQ].3] [S_c.hml.d_e_t_al] IZQ]A) and snow albedo
(lDi.e_[—Z_e_t_al] M) Furthermore, lHaLpQr_e_(_al] JZ_O_LZ‘) [me_eml] JZ_O_I_AJ) lMa&h.gmh_e_LalJ (IZQ_LA)

report that meltwater percolation - storage dynamics in snow and firn might play an important role in

determining the timing of sea - level rise by Climate Change. Liquid water in snow can be measured
as a volumetric fraction (LWC, or 0), i.e., the ratio between liquid water volume and total snow
volume m, ). LWC is usually expressed in vol %, or %.

Water flow in snow emerges as a complex, 3D process when observed in the field or in the labo-
ratory. The co-existence of water and ice grains causes fast metamorphism (- 989) and phase

change, which leads to melt-freeze and to the possible development of ice lenses when water infil-

trates in subfreezing snow (IPfeffer and Humnhrevl, llﬂﬁ). The interaction with topography can re-

distribute water at slope scale (Eiriksson et al], M). Moreover, water movement is usualli marked

bg hijh spatial variability due to the occurrence of preferential flow, or fingering ,
IZQ]_(J; lKaI.SJ.Lshlma_e_LalJ l2Q]_3]). These processes deeply complicate the modeling of liquid water

in snow, which has been often simplified in the past by using a simple Darcian theory that neglects

effects of capillary gradients on the flow dﬂﬂ.b_e_c_kl, llﬂj; lﬂankj.e_w.czl, ll&ﬂ). In particular, ﬁnferinf

is deemed to play a key role in ruling water arrival time at snow base, hence runoff
2o1d ot

The exact physics of preferential flow in snow is still not known (Iﬁaﬁmhi_ma_e_t_aﬂ, 2013) and
modeling strategies are therefore still preliminary. For instance, IMaJ:sh_an.d_WQ(J (h-%é) propose an
explicit definition of multiple-path routes, whereas lKaLSJ.Lshlma_e_Lal] (IZQ_OEJ) introduce a threshold

0 triggering preferential runoff. retal (IM) report that solving Richards equation account-
ing for suction gradients improves run-off estimations at different temporal resolutions, but it also

accelerates meltwater front progress if compared with data from an upGPR and simulations by a

bucket scheme R ). This result has been attributed to an unexpected simulation of
some effects of preferential flow by the water scheme used.

The use of Richards equation for modeling wetting front instability in porous media is still a

matter of debate JEgganej_alJ, IZQQi [Wa]_dn_e_r_e_t_al], IZ_O_O_A}]; lDiQa]:]_(J, IZD_]_EI) due to the occurrence of
peculiar pore-scale processes when water infiltrates as fingers (l]:lgmmwj_al], IZQQi IDiQaJ:].(J, IZQ]j;
K him: 1), IZJLDI; Baver et al], 2014)). Observations reveal that, in soils, an unstable infiltra-
tion profile may be marked by an overshoot profile in terms of § (saturation osverhoot) or 1 (cap-
illary pressure overshoot, see [D]_Qa]:kJ 42_0_0_41, IZQ_OII, IZQd); IB_am_e_LalJ (IZQ_]A])). Examples of pres-
sure overshoots have been observed in homogeneous snow samples during preferential infiltration

by K 1 M) In addition, [Hirashima et al] (IM‘) report promising attempts to re-

produce similar dynamics using a model; they show that including spatial heterogeneity of snow

properties and water entry suction (¢ g) in a 3D resolution of Richards equation enables to re-
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construct preferential flow effects. These results suggest that preferential flow in isothermal snow at
0°C might be explained (and modeled) basing on the theory of gravity-driven instability of fingers
in soils Kalmsmma_ej_alj IZQ_OEI:J |2QJ.3])-

According to mm_ma_e_t_aﬂ 2014), water entry suction is thus a key variable ruling prefer-

ential flow development, as it impedes the movement of water between dry and wet snow during

wetting until suction reaches vy 5. This process causes local accumulation of liquid water at mi-
crostructural discontinuities (henceforth, simply ponding). A decrease in 1/ during ponding is caused
by the fact that # and 1) are related by a hysteretic relation called Water Retention Curve, WRC

(Daanen and Nigbcll, M; Yamaguchi et alJ, |ZJMJ; Adachi et alJ, M; Yamaguchi et al], 2012).

Then, water infiltrates in locations marked by local heterogeneity, thus triggering preferential flow.

In layered snow, water entry suction is also the driving parameter ruling capillary barrier develop-
ment (Baker and Hillg], M). This is a finer-over-coarser transition in layering that causes a pause

in the undisturbed advancement of the wetting front, ponding, horizontal diversion of liquid water

and a delay in the expected travel time of water. Hi €| M |B_ak@Lan.d_Hll].eJ J.Q%d)

M) discuss this process in soils, whereas Wakah.amJ J_L%}l) J.Qﬂi)
Waldner et al ] (IJXHI) Peitzsch et al J (IM) Mitterer et al J 2011)) report some examples in snow.
In soils, IHll]_eJ_an_d_B_ak@_tI (I_L%ﬂ); IB_akQLan.d_Hll].eJ (I_L‘i&d) note that, after reaching 1y g, subsequent

flow in the coarser layer will be marked by fingers if, in steady conditions, the hydraulic conductivity

of the lower layer at ¢y g is greater than the flux through the top layer ¢ (due to mass conservation).
Thus, ponding of water above a capillary barrier is prone to subsequent flow instability, namely, to
the development of preferential channels.

Capillary barriers can play an important role for triggering wet snow avalanches ,
|ZJM|; Wever et al“M). For example, ) report that predicted local accumulations

of liquid water like those expected during ponding at capillary barriers can be used to separate

avalanche and non-avalanche days. The position of peak LWC within the snow cover correlates
with avalanche size. These processes also affect the timing of snowmelt runoff (IW@L@L@L&].J, |2Qlé|).

Furthermore, a thorough investigation of the properties of capillary barriers may help to gain a better

understanding of the physics of water instability in snow in general, as water flow around these
textural discontinuities is driven by ¢y . However, their characterization in the literature is still very
limited (IEiLik&mu_ej_alJ, IZQd). Indeed, existing ad hoc observations in the laboratory or in the field

consider a restricted variety of grain size (gs) combinations (Lmj_ad, h&ﬁ; Waldner et al], 2004). In

field conditions, LWC profiles are usually measured using destructive, manual methods that strongly

limit the temporal and spatial resolution of profiles. Thus, the evaluation of promising results from
physically-based models (|H1msh1ma_et_alj |2Qld; IMLLLQLQI.QL&LI IZQ]_]J; Iﬂmmml] IZQLAJ |2QL§) are

often hampered by a lack of a proper high-resolution experimental database.

Here, we focus on observing capillary barriers and associated preferential flow in snow using

laboratory experiments. We collected systematic observations of dyed water infiltration in layered
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snow samples with different grain size combinations and different water input rates. We measured,
for each sample, the thickness of the volume of the upper layer affected by ponding of water at
the textural boundary, LWC profiles, wet snow fraction at different depths, and the arrival time
of liquid water at sample base. These experiments were performed choosing a quite high vertical
resolution of all the measurements (2 cm) and a broad set of input rates and textures, thus enabling a
quantitative characterization of capillary barriers properties that is more exhaustive than before. All
the laboratory experiments are compared with numerical simulations of Richards equation in snow
by the 1D multi-layer physically-based SNOWPACK model.

We consider isothermal conditions at 0°C , thus avoiding any investigation about wetting front ad-
vancement in subfreezing snow, which presents additional challenges. As an example,m

) Iﬂ) report that zones with mixed wet and dry snow develop in such conditions (see also

Pfeffer et alJ (Ilgﬁ); Pfeffer and Humphrg;J (Ilgﬁ)). The impact of these processes on runoff re-
sponse time of snow in sub-freezing conditions is still a matter of debate (Marsh and WQA, 1984bl),

especially on seasonal time scales , ).

2 Methods
2.1 Preparation of samples

The main prerequisite to observe capillary barriers in initially dry snow is a finer-over-coarser pro-
file in layering. For this purpose, three combinations of grain size were considered here: 1) FC,
i.e., fine-over-coarse snow; 2) FM, i.e., fine-over-medium snow; 3) MC, i.e., medium-over-coarse
snow. We classify snow with 0.25 mm < gg < 0.5 mm as fine, snow with 1 mm < gg < 1.4 mm as
medium, and snow with 2 mm < gg < 2.8 mm as coarse. Note that this nomenclature is convenient
for the scopes of this paper, but it is not consistent with the International Classification proposed by
), which for instance defines medium snow grain size as 0.5 mm < gg < 1 mm.

Experimental evidences reveal that the area occupied by fingers in snow (K him. 1.,12013)

and the value of Ywg (IDanrkJ, ; i X ) may be both functions of water
input rate. In order for our conclusions to be more general, we carried out experiments with three
different water inputs W: these are ~ 10, 30 and 100 mm /h. These water input rates are a compro-

mise between the need for exploring the properties of capillary barriers over a broad range of W,

expected melt rates in natural conditions (IDeWalle and Ranch, IZQ]_]J) and operational constraints

(specifically, expected duration of the tests). Note that |Kaj;s_ush1ma_ej_al JZD_LEI) has already observed
preferential infiltration in snow with average gs between 0.421 - 1.439 mm for different water in-

put rates (21.7 mm/h < W < 205.5 mm/h). Thus, we did not consider any instability criterion

1958 [Baker and Hillel, [1990: de Raoi. 2000 DiCarld, 2013) while designing

our experiments.
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Nine samples were prepared in a cold room at -20°C using refrozen melt forms (one sample for
each of the three grain size combinations and three water input rates). Henceforth, numbers 1, 2 and
3 differentiate samples with same grain size combination, but subjected to different water input rate
(10, 30 and 100 mm /h, respectively). Fragmented snow particles were firstly partitioned in several
classes of grain size. Afterwards, the three gs chosen were sieved a second time to prepare the
samples. Snow was packed in a cylindrical container. The container was composed by a number of
acrylic rings (height equal to 20 mm, diameter equal to 50 mm) that were previously taped on the
external side. After sieving the lower layer, its dry density (pp, 1) was measured by gravimetry. The
dry density of the upper layer (pp,7) was measured by gravimetry at the end of sieving operations
(by considering the difference between sample total weight and sample weight before sieving the
upper layer). After preparation, each sample was moved to a second cold room at 0°C, where it was
stored for at least 12 hours to reach initial conditions of dry snow at 0°C.

We report in Table[] the details of each experiment. Water input rates are reported both in mm/h
and in g/min (samples diameter equal to 5 cm). The coefficients of variation of pp 7 and pp 1, read
0.06 and 0.03. We did not apply any tamping during sieving operations so we had no direct control
on the values of pp ¢y and pp 1. Given the low variability of these two variables, we point out that
this work investigates how capillary barrier effects and associated preferential flow vary with grain
size only. Future investigations should focus on the generalization of this work to layers of different
density. Some samples (namely, FC2, FM2 and MC2) are shorter than the others. However, the
thickness of the upper layer is the same for all the samples. This is important as ponding occurs in

the upper layer.
2.2 Data collection

Before starting each experiment, we placed a thin cotton ring on the top of the sample to enable
the point source of the tracer to spread over the surface of the upper layer. Then, each experiment
was started by supplying dyed water into samples using a micro-tube pump. The dye used was blue
ink, diluted by a factor of 10 times in water at 0°C. We monitored W during each experiment by
automatically measuring the weight of the tracer reservoir (1 minute resolution). Absolute relative
differences between experimental (Table[T) and reference (10, 30 and 100 mm /h) values of W range
between 6% - 19% as it is difficult to apply a constant, low input rate.

When the tracer reached the base of each sample, tracer supply was stopped. The arrival time of
the tracer at sample base (t;) was registered with a manual chronometer watch by visually inspecting

samples during the experiments. Since samples had different heights, we define a specific travel time,

T=t/h, ey



with h equal to sample height. Note that 7 is in min/cm as it is the reciprocal of velocity. After

each experiment, pictures of the external sides of the sample were taken to estimate the approximate

165 thickness of the upper layer marked by liquid water accumulation (p, in cm). Soon afterwards, we
took pictures of the top section of each acrylic ring (by gradually removing them from the column,

snow included). At the same time, the liquid water mass w, in grams, in each of the rings was mea-

sured using a portable calorimeter i , ). These measurements were translated
into profiles of volumetric liquid water content by converting w to 6. Fractions of wet areas over
170 total area (f) were also estimated for each section by manually delimiting fingers in all the pictures

taken and calculating their extension using the ImageJ software (http://imagej.nih.gov/ij/, 1.48 v, see

)). Clearly, similar calculations may be performed using alternative software.

2.3 The comparison with SNOWPACK

We simulated the dynamics of each sample using the 1D multi-layer model SNOWPACK (Bartelt and Lghniné,

175 ). These simulations aim at comparing observations of capillary barrier development with pre-

dictions by a physically-based model, as previously done by, e. g.,lHims_hima_ej_aLl (IZQJd); |M]1Lem_ej_a]_,|

); Iﬂmm_el_alj (IZDJA) mainly using field observations. The relatively high-resolution of LWC

measurements (2 cm) enables a detailed discussion of both, the physical process and its simulation

by a operation model. This comparison will not include preferential flow patterns, as the model is
180 1D.

The model discretizes snow using a finite element grid. It simulates the evolution in time of a
broad set of variables along a vertical profile of snow starting from external forcings. The orig-
inal version of SNOWPACK considers a bucket-type approach to simulate liquid water percola-
tion in snow. Accordingly, liquid water is retained at a given position in the profile until it exceeds

185 a threshold (see Eagmmemé (IM)). After exceeding, excess water is transmitted down-
wards. [Hirashima et alJ 2010) have introduced in SNOWPACK a water transport model based on
the model by LL&I]._G_Q[]J.LQ]]J&IJ (I_L%d) and on an equilibrium approximation of water flow to tackle nu-
merical instability (see IHn:a.s.hlma_e_t_alJ (IZDJd) for details). Recently, [Wever et a]J JZD_IAI) have also
introduced a discretization of Richards equation that significantly improves several aspects of liquid

190 water simulation in snow. We used the numerical scheme btheler_ej_al] (IMI) in this paper (WE,
SNOWPACK version 3.3).

The initial spatial resolution of simulations was set to 2 cm. The time step was set to 1 minute, but
the numerical scheme by |W_e1er_e_t_al] 2014) reduces this initial time step basing on an iteration rule
(see |)Me1er_ej_ai] 2014) for details). Snow initial conditions were chosen to replicate the granulom-

195 etry, density (Table [, @ (initially dry), and temperature (0°C) of the physical samples. Using the

same sieves that we used here, i M) obtained a mean grain size (hereinafter, gg)
for the class 0.25 - 0.5 mm and the class 1 - 1.4 mm equal to 0.406 mm and 1.463 mm, respectively.

gs for medium snow is greater than the upper boundary of the sieve probably because snow grains
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used were not perfectly spherical. In the simulation, we therefore set g = 0.406 mm for fine snow,
gs = 1.463 mm for medium snow and gg = 2.926 mm for coarse snow (by assuming this last value as
two times the average medium grain size). Bond size was assumed equal to one third of grain radius.
Input data were chosen to replicate experimental conditions in the cold chamber, i.e., a constant pre-
cipitation flux (equal to the measured water input flux W, see Table[I) and a fixed air temperature of
+0°C. The threshold temperature for classifying solid and liquid events was set to —0.01°C, in order
for W to be classified as liquid. Wind speed and solar radiation were set to zero, while incoming
longwave radiation was calculated as 07, where 0 = 5.67 - 108 W m~2 K—*, and T = 273.15K.
Parametrizations for snow permeability, unsaturated hydraulic conductivity, water retention curve,
residual water content and averaging method for hydraulic conductivity at the interface were all kept

at the default settings discussed for SNOWPACK in Iﬂ@m_el_al] JZD_IAI, IZQ]_é).

Particular attention is paid to the comparison between observed and simulated LWC peak over the

interface between layers, as this is an important variable involved in capillary barrier formation and in

wet snow avalanche forecasting , ). Another key feature of capillary barriers is the

vertical profile in LWC, which usually shows sharp variations with depth dHiLashima_e_LaLl, |21)_ld).
However, choosing a precise snapshot of simulated LWC for the comparison with our observations
is difficult, as the model is 1D and, at this stage, does not include an explicit treatment of preferential
flow patterns. These are expected to play a key role in water flow around capillary barriers as water
concentrates in fingers that are characterized by a higher-than-average unsaturated hydraulic con-
ductivity (due to a higher-than-average LWC). It follows that restricting this comparison to a single
profile may be misleading as possible differences between observations and simulations might be
due to a process that is currently not treated by the model; this would severely limit the comparison.
Thus, we will compare observed profiles of LWC with both, i) the simulated profile at the observed
arrival time of water at sample base (WEI), and ii) the simulated profile at the arrival time of water

in the model (WE2), which is chosen by identifying the instant when 6 at sample base reaches ~ 3

vol% in the simulation (Mi R ).
On the one hand, WEI is advantageous as supplied mass in experiments and in simulations

matches, because both profiles refer to the same time step. On the other hand, flow in the lower layer
will be at the beginning spatially variable, strongly accelerated and highly fingered m,

), which are all features that are not explicitly included in a 1D model and that might hamper the
application of Richards equation. Thus, when considering WE1, we will focus on the profile over the
interface, where the peak of LWC develops. Conversely, WE2 enables a comparison of a full profile
of LWC, but the simulated mass of liquid water will be greater than observed due to the possible
mismatch between observed and expected arrival time of water in simulations (Wever et al ,|29_lAI).

This is particularly evident in the upper layer of FC and FM samples, as water speed in fine snow

during matrix flow is slow. Thus, when considering WE2, we will focus on the profile in the lower
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layer. We suggest that additional investigations should be carried out to establish proper frameworks
for the high-resolution comparison of complex models and laboratory (or field) observations.

3 Results and Discussion

3.1 Overview

Figure [l reports the horizontal sections of all the samples (2 cm vertical resolution) at the end of

the experiments (i.e., when dyed water arrived at sample base). Dyed water is visible as blue stains.

Generally, the darker the color is, the higher is local LWC ,IZQDAI). We report in Figure
Dlthree examples of samples at the end of the experiment. These are FC2 (as an example of FC tests),
FM2 (as an example of FM experiments) and MC1 (as an example of MC experiments).

Table [2] reports observations in terms of thickness of the upper layer marked by liquid water
accumulation (p), arrival time of water at the base of each sample (¢;), and specific travel time of
liquid water in snow (7). In FiguresBland @] profiles of wet snow fractions f and LWC are given. In
Fig. ] each point represents bulk LWC in the underlying 2 cm. As an example, any value reported
at a depth equal to 8 cm is bulk LWC between 8 cm and 10 cm. This represents the LWC measured
immediately over the interface between layers.

Figure[Blcompares observed and SNOWPACK-based profiles of volumetric LWC for each sample.
Each point represents bulk LWC in the underlying 2 cm. As described in Section 2] two simulated
profiles are reported (WE1 and WE2). When considering MC samples, we note that the total duration
of experiments is very short (see Table2) compared with FC and FM samples. Thus, we plotted only

WE2 as the expected mismatch between supplied and simulated liquid water mass is limited.
3.2 Development of capillary barriers

Fig. [[ confirms that liquid water movement through a finer-over-coarser snow texture is subjected
to ponding and horizontal diversion of water when the wetting front comes to the textural interface.
In FC and FM samples, horizontal spreading of water at the interface introduces a clear textural
transition in wetness between finer and coarser layers (see Fig.[2). In 4 out of 6 samples of these two
classes, a homogeneously blue area is observed even at a depth equal to 8 cm (i.e., 2 cm above the
interface). MC samples show a more variable behavior. In fact, water spreading is spatially restricted
for MC1 (see also Fig.2)), whereas marked horizontal redistribution of water is visible in MC2 and
MC3. MC samples show a smaller p than FC and FM samples.

The difference between FC-FM and MC samples in terms of ponding behavior can be explained
considering the retention properties of snow with different grain size. ¥y g for medium and coarse
snow can be estimated from grain size using the relation reported in kaﬁum_ma_g_aﬂ 2013) and

|Hims.hima_el_alj JZD_IAI): Yw e ~ 0.025 m in coarse snow and ~ 0.04 m in medium snow. Conversely,

1 in fine snow is ~ 0.22 m (# = 5 vol%) and 0.21 m (# = 10 vol%), whereas ¢ in medium snow
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is ~ 0.09 m (6 = 5 vol%) and 0.08 m (# = 10 vol%). These approximate values of suction in snow

were estimated using the WRC parametrization in snow by JZD_LZI) assuming an
irreducible LWC equal to 2.4 vol % dlamagu_chj_e_(_al] IZQEJ IHlmshlma_ej_alJ IZQ]AI) and consider-

ing 5 vol% and 10 vol% as reference values for relatively low saturation. Thus, in FC-FM samples

the difference between 1 at relatively low saturation and ¥y g is much greater than in MC sam-
ples. Generally, the higher the difference between v in the upper layer and ¥y £ is, the larger is
the mass of water accumulated and horizontally diverted. Note that the WRC by m
lM refers to a drying process and this may trigger some additional uncertainty when estimating
1) for a wetting process (see Section [3.4).

FC and FM samples are characterized by similar LWC profiles (Fig.d). LWC increases with depth
in the upper layer, it presents a marked peak at the textural boundary, and it decreases again below the

capillary barrier. Peaks in LWC at the interface are a characteristic feature of capillary barriers as wa-

ter ponds until ¢ — ¥y g: similar examples are reported or discussed in, e. g ., \Waldner (IMI)
(2010); Mitterer et al| (2011); Avanzi et all 2015); Wever etall 2015, |zmA> Al

FC-FM samples yield a similar LWC in the upper layer at the interface: ~ 33 vol% in FC samples

and ~ 34 vol% - 36 vol% in FM samples. This value is coupled with suction through a wetting curve
M, IM). This may be the reason why LWCs at the interface are similar, as vy g is the same
in all these six samles Note that such values of LWC are much greater than those usually reported

in field profiles (Fierz e 1 ) LWC drives, among others, snow settling (Marshall et al] lQQd)

and wet snow metamorphlsm 98 ) Both processes experience a dramatic acceleration with

increasing LWC. This supports the idea that capillary barriers may play an essential role for snow

stability in wet conditions X ).

In MC samples, a smaller, but distinct, peak in LWC was measured at the interface: in MC1, LWC
over the boundary is ~ 4.5 vol%, whereas LWC values immediately above and below are 2.7 vol%
and 1.7 vol%, respectively. In MC2 and MC3, the peak in LWC over the interface is ~ 9 vol%. A
smaller peak of LWC in MC layering is attributed to the small difference between v in medium snow
and Yy g in coarse snow.

The occurrence of capillary barrier causes horizontal redistribution of water. Thus, spatial ho-
mogenization of liquid water patterns at the interface is promoted. Indeed, f increases with depth
over the boundary (where f = 1 for all FC and FM samples, see Fig. B). However, sections in Fig.
[[ reveal a remarkable spatial variability of this process at cm scale. For example, some pockets of
dry snow persist at depths equal to 8 cm in samples FC2 and FC3 (i.e., 2 cm above the interface).
Other hints are the observed spatial variability of p in each sample (Table D) and the differences
of coloring in some sections at depths equal to 8 or 10 cm (e.g., FC2, FC3 and FM3), as this is a

signature of LWC (Waldner et alJ, ZJXHI). Isolated clusters of liquid water surrounded by dry snow
are also visible in MC1 and MC2. All these observations show that the distribution of liquid water

above a capillary barrier has a marked 2/3D structure at local scale, probably due to heterogeneity in
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snow microstructure. The difference in wet areas in MC samples for different water iniut rates mifht

be on the contrary an effect of water input rate on ¢y g, as observed in snow by

).
3.3 Preferential flow patterns and travel time of water in snow

Observed profiles of f suggest that liquid water movement in samples was marked by high spatial
variability and that this variability is lower in fine snow layers than in medium or coarse snow.
Overall referentlal flow turns out as the predominant pattern of liquid water infiltration in snow

hn beli, ) We observed that new fingers created during the percolation, and that sometimes
fingers stopped their vertical percolation at some locations but continued to develop at others. The
movement of fingers in the lower layer was very rapid and represented a small fraction of the total
duration of each experiment (say, up to a few minutes even for slower input rates).

K him

—

| 12{21&) report that the total area of preferential flow (hence f) in snow samples
made by vertically homogeneous snow decreases with increasing grain size, but increases with in-
creasing input flux. We also observed a decrease in f with increasing gg, whereas a clear increase of

f with increasing W was detected only for MC samples. On the one hand, the expected dependency

of f on sublayer unsaturated conductivity at ¢y (Hillel and Bang ; Baker and H111§] 1990)

and the relation between vy g and velocity (Weitz et al] IQSZI DiCarl gJ ﬂﬂi Katsushima et alJ,

) support the existence of a relation between f and W (albeit both effects have been mainly

observed only in soils). On the other hand, these experiments included a capillary barrier, contrary

to experiments by K him 1! (2013), and this represents a major driver of liquid water pat-
terns at local scale (see the previous Section). Accordingly, liquid water speed in the upper layer was
locally affected by ponding, whereas inflow rate in the sublayer was driven by breakthrough of water
at Yy g. Both processes limit the impact of external water input rate on f, at least until steady con-
ditions are reached. In MC samples, the difference in retention properties between layers is lower;
thus, the effect of a capillary barrier is spatially very localized. This may explain why observations
in MC samples agree with previous observations in homogeneous SNOW.

Considering outcomes of different experiments in sand, D -) reports that finger width
might increase with both, very high (i.e., close to saturated conductivity) and very low supplied
fluxes, while finger width keeps constant for a broad range of supplied flux in between. Water input
rates in our experiments span 11 and 113 mm/h; these values are very small if compared with
expected values of saturated conductivity in snow (~ 10% - 10° mm/h, seeKatsushima et al] 2013)).

We therefore suggest that future developments of this work should investigate the relation between

flux and f extensively, i.e., enlarging the range of W considered during the experiments and/or
reaching steady conditions.
7 increases with decreasing W, as clearly expected (Table B). In the case of FM2 (fine over

medium snow, W = 27.7 mm/h), we can compare the 7 measured during the experiment (2.2
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min/cm) with the 7 observed during the experiment by [Katsushima et alJ 2013), since this is the

only gs — W combination that these two works share. The 7 measured by i )

for fine snow and W = 22.3 mm/h is equal to 1.7 min/cm, while the 7 for medium snow and W
=21.7 mm/h is equal to 0.7 min/cm. These results suggest that 7 in a FM sample is higher than
the 7 observed in a homogeneous sample composed by medium snow. This is clearly expected since
permeability in medium snow is higher than in fine snow. However, this 7 is even higher than the
specific travel time observed in a homogeneous sample made by fine snow, which is less expected.
This comparison helps to quantify the relevance of capillary effects in ruling water speed in snow

and the arrival time of meltwater at snow base.
3.4 The comparison with SNOWPACK

Figure Blshows promising results for the simulation of a capillary barrier. Indeed, the model clearly
reproduces an increasing LWC with depth in the upper layer and a peak of LWC at the interface. Fur-
thermore, LWC profiles below the barrier are generally in good agreement, once water has reached
the base in the simulation. Point differences between observed and simulated LWC at the interface
at WEI1 read ~ 2 - 5 vol% in FC1-FC2, ~ 3 - 8 vol% in FM1-FM2, and ~ 0.1 - 5 vol% in MC sam-
ples. As already mentioned, a good simulation of peak LWC is very important to correctly predict
the occurrence of wet snow avalanches (I)Meler_e_t_all, M). A larger difference (~ 9 - 13 vol%) is

found for higher input rates. However, note that FC3 and FM3 were subjected to an extremely high

water input rate compared with natural conditions.
Previous evaluations of SNOWPACK already show that the inclusion of Darcy-Buckingham equa-
tion in snow enables a correct prediction of the onset of capillary barriers at textural discontinuities

(IHim&hima_e_t_alJ, |29.ld; |Mi.tLe.LQr_ej_alJ, IZQ]_]J; |&Mey_<zr_el_alj, 2Q]_§). Here, we enlarged previous find-

ings by considering a broad set of snow textures and input rates, and a relatively high resolution of

measurements.

Overall, observations show that both, breakthrough of liquid water below a capillary barrier and

wet conditions in the upper layer or in fingers , ) may present a proper pro-
cess scale , ) of a few cm. This is because natural snow is spatially heterogeneous

(Hirashima et al], |MI) and this may affect 3D patterns of capillary barriers (e.g., see the already
discussed pockets of dry snow in FM3). Alternation of dry and wet snow can sensibly decrease the
bulk LWC in a ring, although local LWC can still be very high. This may partially explain some
differences between observations and 1D simulations. For example, predicted peak LWC in FC3
and FM3 is ~ 43 - 46 vol%, which is close to saturated conditions (the porosity of fine snow in both
samples is ~ 0.5), but greater than observations. An approximate estimation of LWC at ¢y g in
fine snow (obtained assuming continuity of suction at the interface) reads 50 vol%, which is closer

to SNOWPACK simulations than data. Thus, saturated conditions might be reached at local scale,
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while bulk LWC (which is the effect of both, capillary barrier effects and snow heterogeneity in
wetness at ring scale) can be lower.

Another example is water flow below the interface, which showed a high degree of spatial vari-
ability. The good agreement between the model and the data (at WE2) might suggest that, at this

measurement scale, differences in LWC between a highly channeled flow and a matrix-only simu-

lation balance, that is, fingers are usually highly saturated (Iﬂaldn.e_l;ej_alj, IZQ_OAI), but occupy only a
small fraction of total volume. Thus, the average LWC at ring scale is much lower than saturation
and close to matrix conditions.

This result suggests that an exhaustive process understanding of the physics of capillary barri-
ers in snow and water flow instability may need that a proper measurement and/or modeling scale
are defined to clearly separate model-data significant discrepancies and effects due to the sampling
strategy (see again 1@ for a definition). Importantly, the measurement scale needed to
capture 3D patterns of capillary barriers might be smaller than that usually used to sample LWC in

the field (see again Fig.[I). Increasing the spatial resolution of LWC measurements is challenging as

measuring LWC in snow is still marked by high uncertainties (Iﬂcﬂhe_di M; |EL¢IZ_aIl.d_F1LhIJ, hﬂﬂé;
Techel and Pi§1m§i§1|, |Am|; Avanzi et alJ, 2014). It is only recently that undisturbed, non-destructive
and repetitive measurements of LWC have been obtained (IH_ejlj,g_e_t_alJ, IZQ].(J; |S_c.hmj.d_el_alj, IZQ]A;
|]:]_eﬂj,g_e_(_al], |2Q]A; |Kinar and Pomeroxj, |2Q]_§). A promising alternative might be given by pore-scale
measurements of liquid water flow (Adachi et alJ, m; |ﬂah_er_e_t_al], 2013). This discussion also

reveals the role played by heterogeneity (Hirashima et alJ, 2!!14]) in introducing possible differences
in LWC between 3D (bulk) and point (1D) conditions. Additional uncertainty may be caused by

instrumental precision (see next Section), ambiguity in the identification of the correct snapshot of

LWC for this comparison, and possible air trapped in voids at saturation (Ilamaggcm_t_aﬂ, 2010).
Another important limitation for this discussion may be the present lack of an exhaustive inves-
tigation of WRC hysteresis in snow. Indeed, differences of LWC for a given suction are expected if
hysteresis is explicitly taken into account. Furthermore, the absence of a proper parametrization of
hysteresis may hamper the estimation of expected LWC at vy g during ponding (i.e., wetting), if
different WRCs for a wetting and a drying process are not known. Also, the hysteretic behavior of
the WRC is considered an important factor in driving preferential flow in general, since for example

it promotes the persistence of fingers in soils (ILiJ.Le_t_alJ, hﬂ%l; |Di£ar]&J, M). The magnitude of

hysteresis is also related with the magnitude of capillary overshoot (K him 1., 201 5]), al-
_

though it is not the prime cause of instability (DiCarlo, ). At present, existing observations of

hysteresis in snow are still very sparse (IAdag_hi_e_t_alJ, IZQIA) and this represents an important limita-

tion for interpreting existing results, although the WRC hysteresis of snow is expected to be smaller

than the hysteresis of, e.g., sand (Katsushima et alJ, 2013).
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3.5 The role of instrumental precision

A mass balance between supplied and measured liquid water mass reveals that the measured mass
ranges between 93% and 176% of supplied mass in 8 out of 9 samples, while in MC1 measured
mass is 434% of supplied mass. Note that in this last sample the total mass supplied is nonetheless
very low due to the short duration of this experiment (~ 2.88 g).

This discrepancy can be explained by instrumental noise. Melting calorimetry has been widely

used to measure LWC for decades (IMLd_J hﬂi) but |£Zﬂle_cﬁ M) points out that this method

be inaccurate as it implies the calculation of a difference between large numbers

). According to |K1n.ar_an.d_&zmeﬁn¢| (IZDJA) absolute errors in measuring LWC using calorime-

try span 1% and 5%. The instrument we used here (the so-called Endo-type snow-water content me-

ter) was proposed by |Kama_sm_ma_ej_ail (ILQ%J). They note that measured LWC span +2% of known
LWC (by weight) in 87% of the cases. By comparing measurements by the Endo-type calorimeter

with those by a dielectric device in snow pits (see i (I_]_Qﬁ) for details), they note
that this device returns alternatively higher or lower LWC if compared with high and low readings
by the dielectric device.

We estimated an absolute error for these experiments by comparing the height-integrated LWC
measured using calorimetry within each sample with the ratio between supplied liquid water volume
and total volume of samples. The absolute difference spans 0.8 vol% and 2.97 vol%, thus it is consis-
tent with the literature (IKin.aLan.d_EzmeﬁnJ, |ZD_L§). Measured and simulated LWC by SNOWPACK

are also in fairly agreement (see previous Section) and this is another good point since SNOWPACK

bases on mass an energy conservation.
Capillary barriers and associated preferential flow represents a big challenge for LWC measure-

ments. On the one hand, peaks in LWC at the interface are rather high and this is a problem for

those instruments that may lose accuracy for high LWC, such as a Snow Fork i ier,
). On the other hand, bulk LWC in fingered snow may be very low, as water accelerates and
occupies a small fraction of total volume. This means that such experiments need an instrument
that guarantees a comparable performance for both, high and low LWC. This may represent a bene-
fit of the Endo calorimeter (see Fig. 4 in |Kamsh1ma_ej_alj (I_Lclﬁ)), which seems also appropriate
given the small dimension of each ring. Furthermore, [Fierz and FQ“hJ (Ilgii) report that the ab-

solute error in measuring water content using dielectric methods spans 0.2 and 0.9 vol%, while

) note that the expected difference between measurements taken using
a Denoth meter and a Snow Fork is ~ 1 vol%. Thus, measuring low LWCs is generally very

challenging for several existing techniques. Finally, a hiihli fingered flow may be missed and/or

disturbed by using bigger instruments, like TDRs ( ). For future experiments, we

will also consider alternative portable techniques, such as a dilution method i R X

Kinar and Pomeroy, 2015: Miterer, 2016)
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4 Conclusions

We focused on the systematic observation of capillary barriers and associated preferential flow dur-
ing laboratory experiments in a cold chamber. We sieved nine samples of finer-over-coarser snow.
These samples were subjected to controlled supply of dyed water until water arrived at sample base.
Liquid water patterns in stratified snow were characterized using visual inspection, LWC measure-
ments and horizontal sectioning. Results were also compared with SNOWPACK simulations.

Overall, results confirmed that a finer-over-coarser transition in snow layering causes ponding of
water when this comes at the textural boundary. Measured peaks in LWC over the boundary are
large with respect to usual measurements in the field (up to ~ 33 vol% in FC samples and ~ 34 - 36
vol% in FM samples), while peaks in MC samples are usually < 10 vol%. Differences in peak LWC
between samples were explained basing on retention properties of snow with different grain size. A
more detailed analysis of horizontal sections revealed marked variability of wetness conditions at
cm scale, thus suggesting that local LWC might even reach saturated conditions, as expected by a
simple estimation of LWC at water entry suction.

Horizontal sectioning of samples confirmed that preferential flow seems the dominant process
in water transmission in snow. The area occupied by fingers (f) increases with grain size, while no
definitive result was obtained to establish a relation between f and water input rate. This is explained
by the strong perturbation introduced by the capillary barrier in liquid water patterns if compared
with previous observations in homogeneous snow.

The comparison with SNOWPACK showed that, in general terms, the implementation of Richards
equation clearly reproduces the existence of a capillary barrier and yields a good agreement with
observed peaks in LWC at the interface. A discussion of observed and simulated LWC revealed

possible discrepancies between point conditions and 3D patterns even at cm scale.
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Table 1. Experimental details. W is the applied water input rate, pp, is the dry density of the upper layer,

pp,r is the dry density of the lower layer.

Sample ID w w PD,U PD.L Upper layer Lower layer
(mm/h) (g/min) (kg/m*®) (kg/m®) thickness (cm) thickness (cm)
FC1 11.9 0.39 417 465 10 10
FC2 28 0.92 449 483 10 8
FC3 113 3.7 433 470 10 10
FM1 11.9 0.39 444 484 10 10
FM2 27.7 0.91 442 487 10 8
FM3 110 3.6 455 510 10 10
MCl1 11 0.36 472 487 10 10
MC2 27.3 0.89 498 480 10 8
MC3 111 3.6 494 478 10 10
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Table 2. Experimental results: observed ponding layer thickness p, experiment duration ¢, specific travel time

7. As for p, approximated lower and upper values are reported due to spatial heterogeneity in this variable.

Sample ID  p (min - max) tt T
(cm) (min)  (min/cm)
FC1 2-3 92 4.6
FC2 3-4 50 2.8
FC3 2-3 14.5 0.725
FM1 2-3 90 45
FM2 2-3 40 22
FM3 1-2 13.5 0.675
MCl1 0-1 8 0.4
MC2 1-1 8.45 0.47
MC3 05-1 53 0.265
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Figure 1. Sections of all the samples (rings diameter equal to 5 cm, 2 cm vertical resolution) at the end of each
experiment. Each column refers to a different sample (as indicated in the last row), while each row refers to the
same depth from sample top surface (depth indicated by the number on the right side of each row). For all the

samples, the texture boundary between different grain sizes is located at a depth equal to 10 cm.
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IZcm

Figure 2. Three samples at the end of the experiments: FC2 (on the left, as an example of FC samples), FM2

(at the center, as an example of FM samples) and MC1 (on the right, as an example of MC samples).
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Figure 3. Measured f profiles. f is the ratio between wet and total area for all the sections in Fig.[Il Panel (a):
FC samples; panel (b): FM samples; panel (c): MC samples. The vertical coordinate refers to the depth of the

section from sample top surface.
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Figure 4. Measured LWC (vol %). Panel (a): FC samples; panel (b): FM samples; panel (c): MC samples. Each

point represents bulk LWC in the underlying 2 cm. This convention is consistent with Fig.[Tland Bl
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Figure 5. Comparison between observed and simulated profiles of volumetric LWC. Panels (a), (b) and (c) refer
to samples FC1, FC2 and FC3. Panels (d), (e) and (f) refer to samples FM1, FM2 and FM3. Panels (g), (h) and
(1) refer to samples MC1, MC2 and MC3. Note that panels (g) and (h) have a different horizontal range from

the others. Each point represents bulk LWC in the underlying 2 cm.
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