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Abstract

Information on the amount and distribution of liquid water in the snowpack is important
for forecasting wet snow avalanches and predicting melt-water run-off. Considerable
spatial and temporal variations of snowpack wetness exist. Currently, available infor-
mation relies mostly on point observations. Often, the snow wetness is estimated man-5

ually using a hand test. However, quantitative measures are also applied. We compare
the hand test to quantitative measurements and investigate temporal and small-scale
spatial aspects of the snowpack wetness. For this, the liquid water content was mea-
sured using dielectric methods, with the Snow Fork and Denoth wetness instrument
in the Swiss Alps, mostly above tree-line. More than 12 000 water content measure-10

ments were observed on 30 days in 85 locations. The qualitative hand test provides an
indication of snowpack wetness, although snowpack wetness is often over-estimated
and quantitative water content measurements are more reliable. If the measured water
content is very low, it is unclear if the snow is dry or contains small quantities of liquid
water. In particular during the initial melt-phase, when the snowpack is only partially15

wet, it is important to consider spatial aspects when interpreting point observations.
One measurement taken at a certain measurement depth may significantly deviate in
10–20% of the cases from snowpack wetness in the surrounding snow. Not surpris-
ingly, diurnal changes in snowpack wetness are significant in layers close to the snow
surface. At depth, changes were noted within the course of a day. From a single20

vertical profile, it was often unclear if these changes were due to the heterogeneous
nature of water infiltration. Based on our observations, we propose to repeat three
measurements at horizontal distances greater than 50 cm. This approach provides
representative snow wetness information for horizontal distances up to 5 m. Further,
we suggest a simplified classification scheme of snowpack wetness by introducing five25

wetness types of the snowpack incorporating both vertical and horizontal liquid water
content distribution.
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1 Introduction

The distribution and amount of liquid water in snow is an important characteristic of a
snowpack. It influences mechanical properties of snow and snow stability (e.g. Arm-
strong, 1976; Kattelmann, 1985). In snow hydrology, snowpack wetness is an impor-
tant factor in forecasting the onset of melt-water run-off (Jones et al., 1983) or reservoir5

management (Kattelmann and Dozier, 1999). Currently, snowpack wetness is mostly
observed in point observations, near adjacent automatic weather stations, in study
plots or in manual snow profiles.

In Switzerland, most of the available snowpack information is based on manual snow
profiles. These profiles are observed by researchers, avalanche professionals and10

observers of the Swiss snow observation network. Profile locations include potential
avalanche slopes, but also level study-plots, at all elevations and aspects. The number
of these profiles is large (annually about 1000 snow profiles, mostly in dry snow). In
particular, slope profiles are important information for the avalanche warning service
to provide the national avalanche hazard forecast (Schweizer and Wiesinger, 2001).15

Profiles observed at level study-plots are a source of information to assess the water
outflow of the snowpack.

In the large majority of the profiles the liquid water content is estimated by a hand test
for each stratigraphic snow layer according to Swiss and international observational
guidelines (WSL, 2008; Fierz et al., 2009, Table 1). However, the estimation of the20

water content provides difficulties even for experienced observers (Martinec, 1991b;
Fierz and Föhn, 1994). Consideration must also be given to spatial aspects of water
flow through snow (e.g. Colbeck, 1979; Marsh, 1988; Conway and Benedict, 1994).

Our objectives for this study are threefold: (i) to investigate the reliability of point
observations in relation to temporal and small-scale spatial variability, and (ii) to com-25

pare the technique of estimating the water content with measurements using dielectric
methods and (iii) to explore if wetness observations over a wider area and region are
a valuable addition to wet snow avalanche forecasting.
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2 Background

2.1 Liquid water in snow

The formation of liquid water at the snow surface depends on the energy balance in
a given slope. Slope aspect and elevation are particularly significant for incoming net
short wave radiation. Once melting at the snow surface starts, water begins to pene-5

trate the snowpack rapidly, in particular if water is routed through vertical flow fingers
(Waldner et al., 2004). The advance of the wetting front is seldom uniform. Even
under laboratory conditions it is difficult to obtain a homogeneous water content dis-
tribution (Brun, 1989). Often, water flows in isolated thin flow channels (e.g. Marsh,
1988; Schneebeli, 1995) until larger flow structures develop and the full snowpack is10

wet (Kattelmann and Dozier, 1999). The infiltration pattern depends on snow structure,
but also on snow temperature, slope angle and the amount of liquid water entering the
snowpack (Conway and Benedict, 1994; Fierz and Föhn, 1994). Generally, gravita-
tional forces dominate water flow. However, slope-parallel flow within the snowpack
has also been observed (Wankiewicz, 1979). This is often observed when ice-layers15

or capillary barriers exist where layers consisting of fine grains overly layers of coarse
grains (Jordan, 1994; Waldner et al., 2004).

Wet snow metamorphism commences as soon as liquid water is present. Wet snow
metamorphism is faster when the water content is higher (Colbeck, 1997). The in-
troduction of liquid water into snow leads to changes in grain shape (Brun, 1989;20

Coléou and Lesaffre, 1998), grain coarsening (Raymond and Tusima, 1979; Brun,
1989; Marsh, 1987) and an increase in bulk density (Marshall et al., 1999; Jordan
et al., 2008). Important feed-back mechanisms exist between snow metamorphism,
hydraulic conductivity and water flow (Jordan et al., 2008).

The amount of liquid water influences the mechanical properties of snow. Relatively25

small amounts of liquid water may reduce the strength of snow. Techel et al. (2008)
observed a strength decrease in layers consisting of temperature-gradient snow (such

1970

http://www.the-cryosphere-discuss.net
http://www.the-cryosphere-discuss.net/4/1967/2010/tcd-4-1967-2010-print.pdf
http://www.the-cryosphere-discuss.net/4/1967/2010/tcd-4-1967-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/


TCD
4, 1967–2011, 2010

Point observations of
liquid water content

in wet snow

F. Techel and
C. Pielmeier

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

as facets or depth hoar) at a lower water content (θ < 3 vol.%) than Colbeck (1982),
who describes a loss in strength at approximately 8 vol.%.

2.2 Estimation and measurement of liquid water in snow

In the field, the estimation of the liquid water content by hand test is an integral part of
manual snow profile observations (Fierz et al., 2009; WSL, 2008). The snow wetness5

is estimated by gently squeezing a snow sample with the gloved hand and observing
the reaction to it as well as by using a magnifying lens to detect if liquid water is present
(Table 1). Measuring snow temperature may assist in deciding whether a snow sample
is dry or not.

Methods to quantitatively measure the liquid water content in snow include: centrifu-10

gal separation, melting calorimetry, freezing calorimetry, alcohol calorimetry and the
dilution method (summarized in Stein et al., 1997). These methods are destructive and
rather time-consuming making them impractical in the field.

In recent years, the water content has often been measured making use of the dif-
ferent dielectric constants of air (ε′

i ≈ 1), ice (ε′
i ≈ 3.15) and water (ε′

i ≈ 86) (Frolov and15

Macharet, 1999). The dielectric permittivity is measured by capacitance (e.g. Denoth,
1994) or time domain reflectometry (e.g. Stein et al., 1997; Schneebeli et al., 1998;
Waldner et al., 2001). In the micro-wave region (1 MHz to 10 GHz) the permittivity of
ice depends mostly on snow density and wetness (Frolov and Macharet, 1999; Louge
et al., 1998). In this study, we use predominantly the Snow Fork instrument (SnF, Si-20

hvola and Tiuri, 1986; Toikka, 2009) and sometimes the Denoth wetness instrument
(Dn, Denoth, 1994) for a comparison.

Snow Fork and Denoth wetness meter

The sensor of the Snow Fork (SnF, Fig. 1, Toikka, 2009) is a two-pronged steel fork
with a length of 75 mm. It works like a microwave resonator. The resonant frequency
lies between 500 and 1000 MHz. Three electrical parameters: resonant frequency f ,
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attenuation and 3-dB bandwidth B are measured. From these, both the real and the
imaginary part of the complex dielectric constant of snow (ε′ and ε′′, respectively) are
calculated (Toikka, 2009). No density sampling is needed.

ε′ =
(
fair

f

)2

, (1)

ε′′ =
B− (0.04f −16)

f
ε′, (2)

Semi-empirical equations are then used to calculate of the liquid water content (θSnF).

θSnF =−0.06+
(

0.062+
ε′′

0.0075f

)0.5

, (3)

The SnF has been used in a variety of studies exploring, for instance, the spatial
wetness distribution (Williams et al., 1999), snow characteristics in Antarctica (Kärkäs
et al., 2005) or the wetness in ski tracks (Moldestad, 2005). The insertion of the Snow
Fork compresses the surrounding snow, which increases snow density by approxi-
mately 1–2% (Sihvola and Tiuri, 1986).5

The Denoth wetness instrument (Dn, Fig. 1, Denoth, 1994) was used as a reference
to the wetness as measured with the Snow Fork. The plate-like sensor unit of the Dn
has a width of 13 cm and a length of 13.5 cm. To calculate the liquid water content θDn,
values related to the permittivity of air (A) and snow (S) need to be measured as well
as the snow density (ρ in kg m−3). With these, the dielectric constant of snow can be
calculated and the liquid water content derived (Martinec, 1991a):

θDn =4.69
(
k log

S
A
−2

ρ
1000

)
, (4)

where k is a sensor-specific calibration constant. The Denoth wetness meter has been
used in several field studies, for example to monitor the changes in snowpack wetness
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during the melt period (Martinec, 1991a; Kattelmann and Dozier, 1999). Data obtained
from the Denoth meter has also been compared to modeled liquid water content (Mit-
terer et al., 2010).

The accuracy of θ-measurements by dielectric methods is approximately ±0.5 vol.%
(Sihvola and Tiuri, 1986; Fierz and Föhn, 1994). Sensors may be affected by solar5

radiation if the sensor is placed close to the snow surface (Lundberg et al., 2008).
These methods are destructive to the snow sample and also require the excavation

of a snow-pit, which causes a local disturbance in the water flow (Fig. 2).
More recently, non-destructive measurement methods like ground-penetrating radar

installed upward-looking at the snow-ground interface have been applied to measure10

snow wetness in a snowpack (Heilig et al., 2009). Satellite remote sensing is a suitable
method to distinguish between areas of a dry and a wet snow surface (e.g. Gupta et al.,
2005)

3 Scope and aim

This study addresses the spatial and temporal validity of point observations in wet snow15

by considering short-term temporal and small-scale spatial aspects as well as different
measurement designs. The common hand test method of estimating the water con-
tent (Fierz et al., 2009) is compared to quantitative measurements based on dielectric
methods.

The following hypotheses are investigated:20

1. Whether the estimation of the liquid water content by hand in the field is a sufficient
measure to observe point-specific water content of the snowpack.

2. Whether the correct estimation of the liquid water content by hand depends on
other layer characteristics like hardness or grain shape.

3. Whether comparable measurements of snowpack wetness can be achieved by25

either measuring before digging a snow pit or at the side-wall of a snow profile.
1973
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4. Whether small-scale spatial variability in water content distribution must be con-
sidered when interpreting wetness profiles.

Based on the obtained results we propose a robust sampling strategy in the field. For
practical purposes, we introduce a simplified snow wetness classification, which incor-
porates information on vertical and horizontal wetness distribution.5

4 Methods and data

Most of the data analyzed was collected in winter and spring 2008/2009 and spring
2009/2010 in Alpine terrain in Switzerland in the Fribourg and Western Bernese Alps
and Pre-Alps, the region of Davos and in the Lower Engadin (Fig. 3). The majority of
these observations were carried out in potential avalanche terrain (slopes steeper than10

30◦) above tree-line.

4.1 Field methods

All measurements were carried out in a seasonal snowpack. The focus was on sam-
pling a data-set consisting of diverse topographic, snowpack and wetness conditions.
Slope selection was dictated by safety concerns, as many observations were carried15

out during periods of wet snow avalanche activity.
In 2009, the focus was on measuring diurnal wetness changes and the compar-

ison of measured and estimated water content. At first, θ was measured horizon-
tally (Sect. 4.1.1, Fig. 4a). This was followed by the excavation of a snow-pit and
θ-measurements made on a shaded side-wall of the snow-pit (Fig. 4b). Last, a man-20

ual snow profile was observed (WSL, 2008). Observed parameters included layer
thickness, hardness, wetness as well as grain shape and size following the standard
observational guidelines (WSL, 2008; Fierz et al., 2009). Snow temperatures were
measured using a calibrated, digital thermometer with an accuracy of ±0.5 ◦C (Milwau-
kee Stick Thermometer TH310). Data on snow stability, which was also collected, is25
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not subject of this paper (Techel and Pielmeier, 2009). Measurements were carried
out in the morning and repeated in the afternoon in the same slope at a distance of
approximately 3–5 m.

In 2010, changes in snow wetness over several days and the distribution of water
within the approximate area of a snow profile according to Swiss observational guide-5

lines were of prime interest. θ was measured mostly by inserting the Snow Fork ver-
tically into the snow in cross-sections of 5 m width. These were followed by a manual
snow profile and a snowpack stability test.

The qualitative estimation of liquid water content (mWC) was part of the standard
observation procedure in all manual snow-profiles (WSL, 2008; Fierz et al., 2009, Ta-10

ble 1). Primarily, the Snow Fork (Sihvola and Tiuri, 1986; Toikka, 2009) was used to
quantitatively measure the liquid water content. The Denoth wetness meter (Denoth,
1994) was used to allow a comparison between the two instruments.

4.1.1 Sampling design for liquid water content measurements in a natural
snowpack with the Snow Fork15

Liquid water content was measured in one of the following three ways:

– horizontal – These preceded all slope profiles. Three measurements beside each
other were taken. The distance between measurements was 20 cm (across the
slope) with horizontal measurement intervals of 5 cm into the snowpack (Fig. 4a,
Table 2).20

– profile – These accompanied all slope profiles. Measurements were undertaken
beside a manual snow profile and always on a side wall of the snow-pit. Measure-
ments were slope- and layer-parallel, and generally made less than 50 cm away
from horizontal measurements. Vertical measurement intervals were 5 cm and
the distance between the three measurement rows was 20 cm (Fig. 4B, Table 2)25

– vertical – This measurement lay-out was carried out to observe spatial variability
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of water content distribution. The vertical distance between consecutive mea-
surements was 5 cm, the horizontal distance (across the slope) 50 cm (Fig. 4c,
Table 2).

Measurement spacing and extent apply the concept by Blöschl (1999). The sup-
port, the integrated volume of a measurement device (Blöschl, 1999), is approximately5

47 cm3 for the Snow Fork.
The idea behind horizontal measurements was that we did not know if water would

be running in front of the probe. However, with the fast measuring speed of the Snow
Fork, we believe that this is rarely the case. It took less than 2 min to measure one
vertical profile (15 single SnF measurements). As can be seen in Fig. 5, there is often10

a clear distinction from wet to dry layers implying that water running ahead of the SnF
is not a problem.

4.1.2 Comparison of Denoth wetness meter and Snow Fork device

Denoth and Snow Fork (Fig. 1) devices were compared through two or three Denoth
and four to six Snow Fork measurements adjacent to each other. The measurements15

were always undertaken on a side-wall of a snow-pit and parallel to the layer stratigra-
phy. The horizontal and vertical distance between measurements was 5 cm. Snow den-
sities were sampled directly above and below the Denoth placement using a 100 cm3

density cutter and a digital scale.

4.2 Data20

Snow wetness was measured using the Snow Fork in more than 80 different locations
in a variety of measurement designs and wetness conditions in natural snowpacks.

Measurements in winter and spring 2008/2009 targeted small-scale variability (within
40 cm), diurnal changes in wetness within the same slope and compared estimated
and measured snow wetness. To achieve this, more than 7000 measurements were25

taken accompanying manual snow profiles using the horizontal (Fig. 4a) and profile
1976
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measuring modes (Fig. 4b, Table 3). These were recorded in more than 2500 different
measurement depths or layers.

In spring 2010, the focus was on investigating the wetness variability at spatial scales
of up to 5 m. Vertical measurements (Fig. 4c) were carried out in 25 locations. The
comparison of Snow Fork and Denoth instrument is based on measurements in 1345

different snow layers made in profile mode (Table 3).

4.3 Data analysis

The water content measured with the Snow Fork (θSnF) was calculated using Eqs. (1),
(2) and (3). Recorded values ranged from 0 to 23.6 vol.%. Following the recommen-
dation of the Snow Fork manual (Toikka, 2008), measurements with θSnF > 10 vol.%10

may not be accurate. However, as these values often corresponded to areas of high
snowpack wetness, they were not excluded from analysis but considered as 10 vol.%.
The calculation of the water content using the Denoth instrument (θDn) uses Eq. (4).
The snow density ρ is based on the mean of two observations.

The relationship between estimated water content (wetness index, mWC) and mea-15

sured liquid water content (θSnF) used the conversion shown in Table 1. If θSnF was
within ±0.5 vol.% of a class limit, this is considered as an intermediate (half) index class
and not considered as a false classification or measurement.

Snow wetness was often non-normally distributed. Therefore, the median and the
interquartile range are considered as robust measures of central tendency and data20

distribution. If several measurements are available the median θ is used.
Linear regression models were derived for θ and the Pearson coefficient of deter-

mination r2 was calculated. Spatial correlation was investigated using the coefficient
of determination r . For categorical variables (mWC), the Spearman correlation rs was
used.25

Data was tested for significant differences using non-parametric tests (Mann Whitney
U-test, Kruskal-Wallis H-test, sign-test, Crawley, 2007). The level of significance was
α≤0.05.
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Linear interpolation is applied in the contour plots (as in Fig. 5) and is described in
the R-package graphics (R, 2009)

5 Results

5.1 Liquid water content measurements using Snow Fork and Denoth wetness
instrument5

In a variety of snow wetness situations ranging from dry to wet snow, the liquid water
content as measured with the Snow Fork (θSnF, in vol.%) is generally higher than by
using the Denoth meter (θDn, Fig. 6a). Snow wetness from these devices are strongly
correlated:

θSnF ≈1.06 ·θDn+1.0 (r2 =0.78,p≤0.001) (5)

These results are similar to previous studies, in which strong positive correlations be-
tween either measuring device were observed (Denoth, 1994; Williams et al., 1999;
Frolov and Macharet, 1999). These results imply that Snow Fork and Denoth instru-
ment will generally provide similar measures of liquid water content.

In dry snow (hand test dry and snow temperature ≤−0.5 ◦C), we investigated the
effect of snow density (ρ) on the measured water content. The Snow Fork recorded
a median θSnF = 0.8 vol.% (standard deviation σ = 0.2 vol.%, nSnF = 487). The Denoth
wetness device showed lower values θDn =0.1 vol.% (σ =0.17 vol.%, nDn =281). Mea-
sured water content in dry snow is generally 0.65 vol.% higher using the Snow Fork
than with the Denoth meter (Fig. 6b). In dry snow poor positive correlations between θ
and ρ were observed:

θSnF =0.0019ρ+0.32 (r2 =0.28,p< 0.001) (6)

θDn =0.0019ρ−0.33 (r2 =0.11,p< 0.05) (7)
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5.2 Influence of sampling design

Liquid water content measurements made before digging a snow-pit (horizontal mode,
Fig. 4a) and following manual snow profile observations (profile mode, Fig. 4b) were
compared for 86 locations.

For locations with low water content (median θSnF < 1.3 vol%, dry or barely moist5

snow), there was no significant difference between either mode of measuring the water
content. In moist and wet snow (θSnF ≥ 1.3 vol%), however, horizontal measurements
were significantly wetter than the measurements at the side-wall following snow pit
excavation. The median difference is 0.43 vol.% (p= 0.03). While this is a statistically
significant difference, it is within the range of measurement uncertainty (±0.5 vol.%,10

Sihvola and Tiuri, 1986; Fierz and Föhn, 1994).
In our data-set, 2% of the recorded values were higher than 10 vol.%. These high val-

ues were more frequently observed when we measured across layer boundaries in an
undisturbed snowpack before digging the snow-pit than in layer-parallel measurements
taken at the sidewall of a snow profile. In horizontal measurements, θ-values greater15

than 10 vol.% occur more frequently in layers relatively close to the snow surface and
when neighboring measurements also showed high values.

5.3 Qualitative snow profile observations in wet snow

Manually estimated water content (mWC) and liquid water content measured with the
Snow Fork (θSnF) were compared for 314 layers. mWC and θSnF were strongly cor-20

related (rs = 0.73, p ≤ 0.001). The number of layers with correctly estimated water
content mWC decreases with increasing θSnF (Fig. 7a, b). These results are similar to
an earlier study (Martinec, 1991b). Both, Martinec (1991b) and our results, show that
dry layers are normally well described, while wetter layers are often incorrectly classi-
fied (30% in our study for wet layers). Very few layers were estimated as being very25

wet. In these layers, mWC was always overestimated.
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Parameters observed in manual snow profiles include observations of layer hard-
ness, grain shape and size. The wetness in layers consisting of coarse melt-freeze-
particles (MF, snow class MF, Fierz et al., 2009) is more frequently falsely estimated
(33% of cases) than in layers consisting of fine precipitation particles and snow which
has undergone low-temperature gradient metamorphism (LTG, snow classes PP, DF,5

RG, 13%) or coarse medium to high temperature gradient metamorphosed grains (TG,
snow classes FC, DH, 13%). Neither hardness nor grain size seem to influence the
correct estimation of the water content. The wetness range in MF is much greater than
in LTG or TG layers (MF: 0–10 vol.%; LTG/TG: 0–5.5 vol.%). θSnF > 3 vol.% is more
frequently observed in MF (> 20% of cases) and rarely in LTG/TG (< 4% cases). LTG10

layers estimated as being wet were almost always overestimated. The error rate in
snow estimated as being wet is smallest in TG snow (20%).

Hardness of snow is influenced by the liquid water content. This can be observed
by comparing the hardness (hand hardness test, Fierz et al., 2009) with estimated
and measured water content. A negative correlation exists in layers classified as MF15

(rs =−0.70 for mWC, rs =−0.43 for θSnF, p≤ 0.001). Not surprisingly, the transition
from dry (frozen) to wet infers a significant hardness decrease. There is no clear trend
for TG. However, all TG layers estimated as being wet (n= 6), or measured as being
wet (θSnF > 3 vol.%, n= 9), have a hand hardness of 1. This is significantly softer than
the dry hand hardness (p≤0.01).20

The results indicate that in particular grain shape (and size) and layer hardness may
unconscientiously influence even experienced observers when estimating the liquid
water content.

5.4 Temporal changes in snow wetness: morning versus afternoon

The snowpack wetness is compared in 33 locations between morning and afternoon.25

Afternoon measurements were conducted approximately 3–5 m away from morning
observations.
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Seen over the full data-set, significant diurnal changes occurred within the upper
10 cm of the snowpack (p< 0.05, Fig. 8a). This is not surprising, as measurements
were carried out when day-time warming was expected. If the change in snowpack
wetness is analyzed for each location individually, the median snowpack wetness (ex-
cluding the uppermost 10 cm) changed significantly in only nine cases (p<0.05). Sur-5

prisingly, six of these nine wetness profiles showed decreasing values (Fig. 8b). These
significant changes always involved a transition from dry or barely moist snow (median
θm

SnF ≤ 1.3 vol.%, third quartile θq3
SnF

≤1.9 vol.%) to moist or wet snow (θm
SnF ≥ 1.2 vol.%,

θq3
SnF

≥1.9 vol.%) or vice versa, where both the changes in median and third quartile are
significant (p≤0.001). We have only one explanation for the profiles where overall wa-10

ter content decreased during the day: the snowpack was in the initial phase of wetting
with very irregular water infiltration patterns (vertical flow channels). By chance, our
morning observations were conducted in regions of wetter snow when the surrounding
snow was still predominantly dry (see also Fig. 5). For the cases, where wetness in-
creased throughout the profile, it is unclear if this is also due to flow channels or if the15

wetting front advanced over larger areas (Fig. 8c).
These measurements show that there is considerable uncertainty due to spatially

heterogeneous water distribution in the initial part of the melt-phase. Even if we are
considering just the six observations, where overall snowpack wetness decreased dur-
ing the day, this represents almost 20% of the measurements.20

5.5 Spatial variability in water content distribution

The variability of measured liquid water content (θSnF) was investigated at horizon-
tal distances of 10–40 cm and 50–500 cm. The difference between measured θSnF at
measurement spacings of 10 and 20 cm is significantly less than at 40 cm or greater
(p< 0.001, Table 4). Variability in about half the cases is similar to, or less than the25

measurement accuracy (θ±0.5 vol.%). However, even at horizontal spacings of 20 cm,
20% of the measurements differ by more than 1 vol.% and 10% of the measurements
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differed by more than 1.8 vol.%. While the correlation between measurements at var-
ious measurement distances is moderate to strong (Fig. 9a), considerable variations
in θSnF are noted within horizontal cross-sections of 5 m (Fig. 5). However, significant
differences between the median θSnF in each vertical column existed in only five of the
twenty-five grids (p≤0.05).5

Variability in θSnF increases marginally with greater measurement spacings (Fig. 9b).
The variability (expressed as the interquartile range) as a function to the median water
content within 5 m distance (θ5m) is much smaller at θ5m < 1.3 vol.% than at θ5m ≥
1.3 vol.% (±0.16 and ±0.52 vol.%, respectively, p<10−16, Fig. 9b, c).

5.6 Temporal evolution of snowpack wetness in spring 201010

The evolution of snowpack wetness during spring 2010 for southerly aspect slopes
above tree-line is shown in Figs. 10 and 11. The snowpack was shallow with snow
depth often less than 1 m and dominated by soft, coarse-grained faceted layers due to
the relatively dry winter with sustained cold periods. The snowpack was predominantly
dry and cold with snow temperatures mostly below −1 ◦C on 18 March (Fig. 10a). Water15

infiltration was slow the following day too (Fig. 10b, Fig. 10c). On 20 March two grids
were measured: the first at higher elevation showed a relatively dry snowpack with
first weak flow channels (Fig. 10d), while the second, measured later in the afternoon
and at lower elevation, was already moist to the ground (Fig. 11a). Four days later,
on 24 March the snowpack was moist or wet throughout (Fig. 11b). This first wetting20

of the snowpack coincided with wide-spread wet snow avalanching in the region of
Davos (Fig. 3). A cold period with new snow (Fig. 11c) was followed by further melting
(Fig. 11d). Subsequent avalanching from southerly aspect start zones was minor and
related to shallow failures of the surface snow.
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6 Discussion

6.1 Measurement methods

The Snow Fork and the Denoth wetness instrument are comparable instruments to
measure the water content of snow. Based on our experiences, the Snow Fork has
some advantages. Particularly useful is its long arm allowing measurements at depth5

without previously disturbing the water flow by digging a snow-pit. Water might flow
down along the instruments arm when inserting the Snow Fork vertically. However,
with consecutive measurements being conducted within seconds, our measurements
show that this is not truly a problem.

If the main interest is the water content distribution or the detection of lateral flow10

patterns, the vertical or horizontal measurement mode may be appropriate (see Fig. 4).
It should be considered that the water content is measured over the length of the sensor
(75 mm). Thus, thinner layer specific observations are not possible.

The vertical mode of measuring the snow wetness using the Snow Fork is an efficient
method causing relatively small disturbances in the snowpack. This measurement15

design may be used as a comparison to non-destructive snow wetness measurement
methods like the ground penetrating radar looking upward from the snow-soil interface
(GPR, Heilig et al., 2009). Advantages to GPR are that measurements using the Snow
Fork are not bound to one location. On the other hand, undertaking measurements
in steep slopes at times of increased avalanche risk may be potentially dangerous to20

observers.
When estimating the wetness of snow layers by hand test, it is important to observe

stratigraphic layers always on a shaded side-wall of a snow-pit (WSL, 2008). This is
of particular importance when observing wet snow profiles (as less water will flow into
a side-wall than a front-wall of a snow-pit, see Fig. 2) or when the slope is exposed25

to strong solar radiation. Snow temperature measurements may be an indicator for
dry snow, although small amounts of liquid water may be measured in snow in tem-
peratures below 0 ◦C (θ < 1 vol.%, this study, also Kattelmann and Dozier, 1999). An
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additional help in the field may be the fact that snow wetness seldom exceeds 8 vol.%
in natural snowpacks (Martinec, 1991b; Fierz and Föhn, 1994; Kattelmann and Dozier,
1999). Layers which contain water contents greater than this, are normally relatively
thin or may be observed in vertical flow paths (as in Fig. 5). Thus, estimated snowpack
wetness would be expected to lie mostly in the dry, moist or wet range (θ≤8 vol.%).5

The estimation of liquid water content in the field is difficult, even for experienced
observers. As with other observed parameters like the hardness of snow layers, the
hand test often provides information on relative differences rather than absolute values.
Thus, estimated snow wetness must not be interpreted strictly according to the interna-
tional guidelines but should be understood as an indication only (Fierz and Föhn, 1994).10

Expanding a previous study (Martinec, 1991b), we investigated the effect of layer char-
acteristics like hardness or grain shape on snow wetness estimation. It seems that
it is more difficult to correctly estimate the wetness in layers consisting of melt-freeze
particles. The liquid water content of melt-freeze-crusts undergoing melting is particu-
larly hard to estimate. We assume that the reason for this is the larger range of snow15

wetness (θ0–10 vol.%) and hardness. In particular at low water content when the ice
matrix is still frozen for the most part, water cannot be seen using a magnifying lens
and the squeeze test is not suitable in such hard layers. While layer hardness and grain
shape seem to influence wetness estimates, they are very hard to quantify. In cases
where it is necessary to quantitatively interpret the estimated wetness, we propose a20

rough guide which is based on the initial study by Martinec (1991b) (Table 5).
Additionally to methodical aspects, the spatial variability must be considered when

interpreting point observations. This is particularly valid in the case of a partially wet
snowpack (as shown in Fig. 5).

6.2 Snowpack observation in wet snow conditions: integrating spatial aspects25

We have seen that small-scale spatial aspects should not be neglected when interpret-
ing snow wetness in point locations. Due to a lack of data at greater spatial distances
than 5 m, we can only assume that a 5 m wide cross-section is a good representation
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of the snowpack wetness in a given slope. The median and interquartile range from a
5 m wide cross-section is a robust indicator of snow wetness at a certain snow depth
and we might be interested how many measurements are required to achieve a good
correlation to these measures.

Randomly selecting a single measurements already yields strong correlations to the5

median (θ5m, r2 > 0.83). The difference is less than 0.5 vol.% in more than 60% of the
cases. If the interest in snow wetness is simply estimating the wetness class according
to Table 1, then in more than 90% of cases this measurement would be within ±0.5
classes, regardless if compared to the median or the interquartile range (Fig. 12a–c
shows the results for the comparison to the median). However, as was observed in10

2009 (Fig. 8), one observation or several within 40 cm horizontal distance (Sect. 5.4)
do not always capture a robust picture of snow wetness.

The median water content observed in three measurements at regular intervals of
50 cm, 100 cm or 200 cm (θm3) is very strongly correlated to θ5m (r2 > 0.93). θm3 is
in more than 70% of the cases within 0.5 vol.% of θ5m and in more than 98% within15

±0.5 mWC-classes. The interquartile range within 5 m sections is generally very well
represented by the minima and maxima of three values (95% within ±0.5 mWC-class,
Fig. 12d–f shows the results for the measurements at 100 cm distance). With an in-
crease in measurement spacing, the minima and maxima tend to fall outside the in-
terquartile range of 5 m cross-sections.20

Measuring more than one wetness profile may provide a more robust picture of snow
wetness in a given slope, particularly when the snowpack is in the initial part of the melt-
phase. The recorded snow wetness will differ less from θ5m if θm3 is used rather than
just one measurement (p< 0.05). Using the 80 cm long arm of the Snow Fork, little
time is required to measure three vertical wetness profiles (less than five minutes).25

Thus, within a few hours it is easily possible to investigate snow wetness in several
different locations.
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6.3 Advancement of the wetting front in spring 2010

The measurements of snowpack wetness during spring 2010 were conducted on
slopes of all aspects (illustrated for southerly aspects in Fig. 10 and 11). This informa-
tion was available for the SLF avalanche warning team during the March melt-phase
and was considered as very helpful to assess the advancement of the wetting front.5

The first significant period of water infiltration into the lower parts of the snowpack
coincided with intense avalanche activity in both the springs of 2009 and 2010.

It is of note that very wet horizontal layers, as in Fig. 5, were absent during the
avalanche cycle in spring 2010. We suspect that this is due to the snowpack struc-
ture, which contained few spatially expanded possible capillary barriers, like fine-over-10

coarse grained layer boundaries. Also, clear patterns of larger vertical flow paths could
not be observed.

6.4 Qualitative description of the wetness of a snowpack

As has been discussed before, the reliable estimation and measurement of snow wet-
ness in the field is difficult. Temporal changes in the amount and distribution of liquid15

water in snow may occur rapidly. Therefore, it might be more practical and sufficient for
avalanche forecasting and snow hydrology purposes to use a very general description
of the wetness of a snowpack. Based on our observations, we propose five wetness
profile types, which may be based on estimated or quantitatively measured water con-
tent. It could also be based simply on the distinction between dry and not-dry snow.20

We suggest that surface layers are not included in this classification as these show sig-
nificant changes during the diurnal freeze-melt-cycles. The classification incorporates
both vertical and horizontal wetness distribution.

The snowpack is dry before the melt-phase (Fig. 13, type 1). With continued in-
put of liquid water through melt or rain, snowpack wetness increases. Initially, only25

a part of the snowpack is wet while some areas remain dry. The wetting may fol-
low a “step-and-fill-pattern” (Conway and Benedict, 1994) (Fig. 13, type 2). Often, in
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a snowpack consisting predominantly of coarse-grained temperature-gradient snow,
preferential flow fingers will penetrate the snowpack relatively quickly and water may
temporarily flow laterally along capillary barriers (Marsh, 1988) (Fig. 13, type 3). At
this stage, first water outflow at the base of the snowpack may be observed. With con-
tinued water infiltration the snowpack will be fully wet and homogenize (Jordan et al.,5

2008) (Fig. 13, type 4). Once drainage channels are well established, water outflow will
respond quickly to additional input of melt-water (Carran et al., 2002). A special case
is the situation that the snowpack begins to refreeze or new snow falls on an already
wet snowpack after a melt-event (Fig. 13, type 5).

We propose this very simplified classification and are aware that more variations will10

exist. However, such a basic classification can facilitate the description of the snowpack
wetness, in particular for practical purposes. One advantage of such a classification is
that the distinction between dry and not dry snow will likely be more accurate than the
estimated wetness classes. Additionally, it describes the spatial wetness distribution
which currently is not included in a snow profile observation. The spatial wetness15

distribution may be observed when excavating a snow pit.

7 Conclusions

Methodical, spatial and temporal aspects must be considered when observing snow
wetness in the field and interpreting wetness information.

The method of estimating the liquid water content by hand test can not be regarded20

as a reliable method to record snow wetness if absolute values are of interest (hypoth-
esis 1). If it is necessary to quantitatively interpret the qualitative wetness recordings,
Table 5 may provide a rough aid for conversion. The hand test is more suited to record
the relative wetness differences within one profile (Fierz and Föhn, 1994) and the differ-
ence between dry and not dry snow. Our study expands previous research (Martinec,25

1991b) by incorporating snow layer properties like hardness, grain shape and size. Dif-
ferences in correctly estimated wetness existed in layers consisting of different grain
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shape, however no conclusive results were obtained (hypothesis 2).
Quantitative measurement methods are generally a more reliable indicator of snow

wetness at a given point within the snowpack. If the measured liquid water content
is low (less than approximately 1.0–1.5 vol.%), the measured wetness should be in-
terpreted with caution. In such cases, we believe, that the snow could be either dry5

or contain small quantities of liquid water. If the presence of very wet layers is of in-
terest and an instrument like the Snow Fork is available, measurements should be
undertaken before excavating a snow pit. Otherwise, only small differences existed
between measurements made on the shaded side-wall of a snow-pit or in a previously
undisturbed snowpack (hypothesis 3).10

Vertical measurements of snow wetness using the Snow Fork are efficient and cause
a relatively small disturbance of the snowpack. This method may prove particularly
valuable for the comparison with radar measurements of snow wetness.

Site selection is important to observe representative wetness information. Of partic-
ular importance are slope aspect, slope inclination, elevation and the distance to rocky15

areas. Still, the small-scale spatially heterogeneous distribution of dry and wet areas
within the snowpack may lead to unrepresentative results. Our observations showed
that approximately every fifth to tenth wetness profile was a poor representation of the
surrounding snow wetness (hypothesis 4). Therefore, to achieve robust snow wetness
data for a certain slope and aspect, we propose to observe several measurements at20

horizontal distances greater than 50 cm. Because our measurement extent was limited
to 5 m, we can not give conclusive results on spatial correlation of liquid water content.
As far as we are aware, this is the first study quantifying the variability of liquid water
distribution in a snowpack at scales up to 5 m.

Based on our observations on spatial variability in snow wetness, we proposed a25

snowpack-wetness classification. We see this as a first step towards the develop-
ment of a wet snow classification scheme as exists for the assessment of dry snow
profiles (Schweizer and Wiesinger, 2001). Incorporating additional snowpack proper-
ties like the state of wet snow metamorphism (grain shape), snow layering and snow
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temperature may improve the value of such a classification for avalanche forecasting
purposes and could also assist in flood forecasting during snow melt periods.

To our knowledge, there is currently no reliable, economical and practical alternative
available to the hand test to measure snow wetness in the field. Therefore, we propose
that future research should investigate possibilities of developing a practical, hand-held5

instrument to quantitatively measure the liquid water content in snow (similar to a digital
thermometer). Further, it would be of advantage to know the distribution of liquid water
content at the slope-scale to allow better interpretations of point observations in wet
snow. Combined real-time information on snow surface and snowpack temperature,
wetness and water outflow measured in representative slopes would be a valuable10

instrument for avalanche or flood forecasting purposes.
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Table 1. Hand test for the qualitative estimation of liquid water content (mWC) and the approx-
imate range of liquid water content (θ). The detailed description is taken from the International
Classification of Seasonal Snow on the Ground (Fierz et al., 2009, p. 8). This classification
is also used in Swiss observational guidelines (WSL, 2008). Half index classes may also be
used. ts – snow temperature.

Wetness Index Description θ
content (mWC) [vol. %]

Dry 1 ts ≤ 0.0 ◦C. Disaggregated snow grains have
little tendency to adhere to each other when
pressed together.

0

Moist 2 ts = 0.0 ◦C. The water is not visible, even at
10× magnification. When lightly crushed, the
snow has a tendency to stick together.

0–3

Wet 3 ts = 0.0 ◦C. The water can be recognized at
10× magnification by its meniscus between
adjacent snow grains, but water cannot be
pressed out by moderately squeezing the
snow in the hands.

3–8

Very wet 4 ts = 0.0 ◦C. The water can be pressed out by
moderately squeezing the snow in the hands,
but an appreciable amount of air is confined
within the pores.

8–15

Soaked 5 ts = 0.0 ◦C. The snow is soaked with water
and contains a volume fraction of air from 20
to 40%.

>15

1994
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Table 2. Spacing and extent of measurement lay-outs as shown in Fig. 4 (concept according to
Blöschl, 1999). x-direction corresponds to horizontal distance, y-direction is distance between
consecutive measurements as in Fig. 4a, and z-direction is equivalent to snow depth measured
vertically (in cm, Fig. 4b, c).

Mode Extent Spacing
x y z

[cm] [cm] [cm] [cm]

profile 40 20 – 5
profile 300 10 – 5
horizontal 40 20 5 –
vertical 500 50 – 5

1995
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Table 3. Data overview: shown are the number of days (nday), locations (nloc), measurement
depths (ndepth) and single measurements (n) for the various measurement modes (Fig. 4) using
the Snow Fork (SnF), and for the comparison between SnF and Denoth instrument (Dn).

Mode nday ndepth n
(nloc)

horizontal 24 (60) >1300 >3500
profile 26 (63) >1200 >3500
vertical 10 (26) 330 >3500
Dn-SnF comparison 8 (11) 134 251–637

1996
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Table 4. Number of pairs of liquid water content measurements (n) and median difference
between measured liquid water content ∆θSnF at a variety of horizontal distances (∆x).

∆x n ∆θSnF
[cm] [vol.%]

10 164 0.28
20 4036 0.26
40 1625 0.42
50 3013 0.45
100 2697 0.46
150 2379 0.47
200 2067 0.50
250 1752 0.50
300 1437 0.49
350 1134 0.48
400 837 0.51
450 549 0.48
500 272 0.54

1997
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Table 5. Proposition of interpretation of manually estimated water content (hand test as per
guidelines WSL, 2008; Fierz et al., 2009). The proposition from Martinec (1991b) (θMartinec,
n= 518, 9 observers) is compared to our study (θ, n= 314, 4 observers). This interpretation
may apply only to experienced observers estimating the liquid water content. θ, measured with
the Snow Fork, is corrected by −0.8 vol.%.

Hand test Signature θMartinec θ
(mWC) [vol.%] [vol.%]

Dry 1 <0.5 <0.5
Moist 2 0.5–2 0.5–2
Wet 3 2–4 2–4.5
Very Wet 4 4–5 4.5–6
Slush 5 >5 –

1998
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10 cm

Fig. 1. Denoth (left) and Snow Fork (right) measurement devices.

Fig. 2. Response of water flow in a slope. Shown are 50 cm wide frontal views of the pit-wall facing down-

slope in experiments using dye-tracers. The left photo was taken immediately after cutting a pit-wall, the right

picture approximately 30 s later. The size of the wet area at the pit-wall increased rapidly due to water flowing

from lateral flow channels into the pit-wall.

Observation areas

0 50 km

Davos

2009 / 2010, 23 days

N

Fribourg and West. Bernese

Prealps and Alps

2009, 6 days

Lower Engadin

2009, 1 day

Fig. 3. Map showing Switzerland (grey) and the regions (blue), where measurements were conducted in 2009

and 2010. The number of days is shown, when measurements were carried out. The majority of measurements

were taken in the region surrounding Davos.

21

Fig. 1. Denoth (left) and Snow Fork (right) measurement devices.

1999
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10 cm

Fig. 1. Denoth (left) and Snow Fork (right) measurement devices.

Fig. 2. Response of water flow in a slope. Shown are 50 cm wide frontal views of the pit-wall facing down-

slope in experiments using dye-tracers. The left photo was taken immediately after cutting a pit-wall, the right

picture approximately 30 s later. The size of the wet area at the pit-wall increased rapidly due to water flowing

from lateral flow channels into the pit-wall.
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Davos
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Fribourg and West. Bernese

Prealps and Alps

2009, 6 days

Lower Engadin

2009, 1 day

Fig. 3. Map showing Switzerland (grey) and the regions (blue), where measurements were conducted in 2009

and 2010. The number of days is shown, when measurements were carried out. The majority of measurements

were taken in the region surrounding Davos.

21

Fig. 2. Response of water flow in a slope. Shown are 50 cm wide frontal views of the pit-wall
facing down-slope in experiments using dye-tracers. The left photo was taken immediately
after cutting a pit-wall, the right picture approximately 30 s later. The size of the wet area at the
pit-wall increased rapidly due to water flowing from lateral flow channels into the pit-wall.

2000
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10 cm

Fig. 1. Denoth (left) and Snow Fork (right) measurement devices.

Fig. 2. Response of water flow in a slope. Shown are 50 cm wide frontal views of the pit-wall facing down-

slope in experiments using dye-tracers. The left photo was taken immediately after cutting a pit-wall, the right

picture approximately 30 s later. The size of the wet area at the pit-wall increased rapidly due to water flowing

from lateral flow channels into the pit-wall.
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Fig. 3. Map showing Switzerland (grey) and the regions (blue), where measurements were conducted in 2009

and 2010. The number of days is shown, when measurements were carried out. The majority of measurements

were taken in the region surrounding Davos.

21

Fig. 3. Map showing Switzerland (grey) and the regions (blue), where measurements were
conducted in 2009 and 2010. The number of days is shown, when measurements were carried
out. The majority of measurements were taken in the region surrounding Davos.

2001
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before profile observations
beside manual

profile observations
example of a 

cross-section over 2.5 m distance

Fig. 4. Liquid water content measurements: sampling design for horizontal, profile and vertical measurements.

A) horizontal measurements in 5 cm steps to a depth of 75 cm. B) observations adjacent to manual snow

profile, vertical distance 5 cm, slope-parallel distance 20 cm. C) vertical measurements for spatial variability

observations, measurement steps 5 cm, horizontal distance 50 cm. Refer also to Tab. 2 for extent and spacing

of measurements.
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Fig. 5. Contour plot showing cross-section of snow wetness (θ) to a depth of 80 cm over 5 m wide areas across

the slope. Measurements were conducted at horizontal intervals of 50 cm (lines) with a vertical spacing of 5

cm. 4 April 2009, S aspect, 2660 m, 30◦. θ, measured with the Snow Fork, is corrected by -0.8 vol.% (this

corresponds to the median measured water content in dry snow).
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instruments in a) all wetness conditions (n=134) and in b) in dry snow as a function of snow density (ρ). Linear

regression models are shown in both plots. The median off-set of the θSnF for the dry snow data is marked by

the dark-blue dot (ρ=250 kg m3, θSnF =0.8 vol.%).
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Fig. 4. Liquid water content measurements: sampling design for horizontal, profile and vertical
measurements. (a) horizontal measurements in 5 cm steps to a depth of 75 cm. (b) obser-
vations adjacent to manual snow profile, vertical distance 5 cm, slope-parallel distance 20 cm.
(c) vertical measurements for spatial variability observations, measurement steps 5 cm, hori-
zontal distance 50 cm. Refer also to Table 2 for extent and spacing of measurements.
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Fig. 4. Liquid water content measurements: sampling design for horizontal, profile and vertical measurements.

A) horizontal measurements in 5 cm steps to a depth of 75 cm. B) observations adjacent to manual snow

profile, vertical distance 5 cm, slope-parallel distance 20 cm. C) vertical measurements for spatial variability

observations, measurement steps 5 cm, horizontal distance 50 cm. Refer also to Tab. 2 for extent and spacing
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Fig. 5. Contour plot showing cross-section of snow wetness (θ) to a depth of 80 cm over 5 m wide areas across

the slope. Measurements were conducted at horizontal intervals of 50 cm (lines) with a vertical spacing of 5

cm. 4 April 2009, S aspect, 2660 m, 30◦. θ, measured with the Snow Fork, is corrected by -0.8 vol.% (this

corresponds to the median measured water content in dry snow).
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Fig. 6. Comparison of measured liquid water content using the Denoth (θDn) and the Snow Fork (θSnF )

instruments in a) all wetness conditions (n=134) and in b) in dry snow as a function of snow density (ρ). Linear

regression models are shown in both plots. The median off-set of the θSnF for the dry snow data is marked by

the dark-blue dot (ρ=250 kg m3, θSnF =0.8 vol.%).
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Fig. 5. Contour plot showing cross-section of snow wetness (θ) to a depth of 80 cm over 5 m
wide areas across the slope. Measurements were conducted at horizontal intervals of 50 cm
(lines) with a vertical spacing of 5 cm. 4 April 2009, S aspect, 2660 m, 30◦. θ, measured with
the Snow Fork, is corrected by −0.8 vol.% (this corresponds to the median measured water
content in dry snow).
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A) horizontal measurements in 5 cm steps to a depth of 75 cm. B) observations adjacent to manual snow

profile, vertical distance 5 cm, slope-parallel distance 20 cm. C) vertical measurements for spatial variability

observations, measurement steps 5 cm, horizontal distance 50 cm. Refer also to Tab. 2 for extent and spacing

of measurements.
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Fig. 5. Contour plot showing cross-section of snow wetness (θ) to a depth of 80 cm over 5 m wide areas across

the slope. Measurements were conducted at horizontal intervals of 50 cm (lines) with a vertical spacing of 5

cm. 4 April 2009, S aspect, 2660 m, 30◦. θ, measured with the Snow Fork, is corrected by -0.8 vol.% (this

corresponds to the median measured water content in dry snow).
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instruments in a) all wetness conditions (n=134) and in b) in dry snow as a function of snow density (ρ). Linear

regression models are shown in both plots. The median off-set of the θSnF for the dry snow data is marked by

the dark-blue dot (ρ=250 kg m3, θSnF =0.8 vol.%).
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Fig. 6. Comparison of measured liquid water content using the Denoth (θDn) and the Snow Fork
(θSnF) instruments in (a) all wetness conditions (n=134) and in (b) in dry snow as a function of
snow density (ρ). Linear regression models are shown in both plots. The median off-set of the
θSnF for the dry snow data is marked by the dark-blue dot (ρ=250 kg m3, θSnF =0.8 vol.%).
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Fig. 7. a) Box-plot comparing estimated liquid water content (mWC) and water content measured with the Snow

Fork (θSnF , n=318, 4 observers). As comparison the mean for each class is shown based on the conversion

given in Fierz et al. (2009). b) shows the frequency that mWC was correctly estimated (light blue bars). For

comparison, data by a previous study is shown (black dashed line, black squares Martinec, 1991b, n=518, 9

observers). θSnF is corrected by -0.8 vol.% (this corresponds to the median measured water content in dry

snow).
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Fig. 8. a) Difference between morning and afternoon liquid water content (θSnF ), measured in 33 locations.

Positive values indicate an increase in θSnF from morning to afternoon. Depth is given in cm below snow

surface. The median is the bold line, the shaded area represents the interquartile range. b) and c) example of

profiles with significant changes in θSnF during the day. The bold line represents the morning measurements

(median of 3), the shaded area and the arrows indicate the change during the day.
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Fig. 7. (a) Box-plot comparing estimated liquid water content (mWC) and water content mea-
sured with the Snow Fork (θSnF, n= 318, 4 observers). As comparison the mean for each
class is shown based on the conversion given in Fierz et al. (2009). (b) shows the frequency
that mWC was correctly estimated (light blue bars). For comparison, data by a previous study
is shown (black dashed line, black squares Martinec, 1991b, n= 518, 9 observers). θSnF is
corrected by −0.8 vol.% (this corresponds to the median measured water content in dry snow).
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Fig. 7. a) Box-plot comparing estimated liquid water content (mWC) and water content measured with the Snow

Fork (θSnF , n=318, 4 observers). As comparison the mean for each class is shown based on the conversion

given in Fierz et al. (2009). b) shows the frequency that mWC was correctly estimated (light blue bars). For

comparison, data by a previous study is shown (black dashed line, black squares Martinec, 1991b, n=518, 9

observers). θSnF is corrected by -0.8 vol.% (this corresponds to the median measured water content in dry
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Fig. 8. a) Difference between morning and afternoon liquid water content (θSnF ), measured in 33 locations.

Positive values indicate an increase in θSnF from morning to afternoon. Depth is given in cm below snow

surface. The median is the bold line, the shaded area represents the interquartile range. b) and c) example of

profiles with significant changes in θSnF during the day. The bold line represents the morning measurements

(median of 3), the shaded area and the arrows indicate the change during the day.
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Fig. 8. (a) Difference between morning and afternoon liquid water content (θSnF), measured in
33 locations. Positive values indicate an increase in θSnF from morning to afternoon. Depth is
given in cm below snow surface. The median is the bold line, the shaded area represents the
interquartile range. (b) and (c) example of profiles with significant changes in θSnF during the
day. The bold line represents the morning measurements (median of 3), the shaded area and
the arrows indicate the change during the day.
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Fig. 9. Variability in measured water content as a function of lag-distance between measurements and water

content. a) Pearson correlation coefficient r for all measurement pairs with the same lag distance lag(x). b)

Difference in liquid water content (∆θSnF ) between measurement pairs at lag distance (x). Compared are the

median (bold line) and the range between median and the third quartile for each lag distance (shaded area).

The data-set is split into measurements where the median θ of the measurements taken over 5 m was less than

1.3 vol. % (lower values, red) and more than 1.3 vol. % (higher values, blue). c) Difference between median

water content and the first and third quartile (always measured within 5 m distance, ∆θSnF ). The shaded area

highlights the interquartile-range averaged over 25 measurements.
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Fig. 10. State of snow wetness, 18 - 20 March 2010 on southerly aspect slopes at similar altitudes in the

beginning of the melt phase. Contour plots showing cross-sections of snow wetness (θ) to a depth of up to 70

cm over 5 m wide areas across the slope. All observations were observed in shallow snowpack areas at similar

elevations (2000 - 2300 m) in southerly aspect slopes (SE, S, SW). θ, measured with the Snow Fork, is corrected

by -0.8 vol.% (this corresponds to the median measured water content in dry snow). θ-values greater than 10

vol.% are shown as 10 vol.%.
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Fig. 9. Variability in measured water content as a function of lag-distance between measure-
ments and water content. (a) Pearson correlation coefficient r for all measurement pairs with
the same lag distance lag (x). (b) Difference in liquid water content (∆θSnF) between measure-
ment pairs at lag distance (x). Compared are the median (bold line) and the range between
median and the third quartile for each lag distance (shaded area). The data-set is split into mea-
surements where the median θ of the measurements taken over 5 m was less than 1.3 vol.%
(lower values, red) and more than 1.3 vol.% (higher values, blue). (c) Difference between me-
dian water content and the first and third quartile (always measured within 5 m distance, ∆θSnF).
The shaded area highlights the interquartile-range averaged over 25 measurements.
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Fig. 9. Variability in measured water content as a function of lag-distance between measurements and water

content. a) Pearson correlation coefficient r for all measurement pairs with the same lag distance lag(x). b)

Difference in liquid water content (∆θSnF ) between measurement pairs at lag distance (x). Compared are the

median (bold line) and the range between median and the third quartile for each lag distance (shaded area).

The data-set is split into measurements where the median θ of the measurements taken over 5 m was less than

1.3 vol. % (lower values, red) and more than 1.3 vol. % (higher values, blue). c) Difference between median

water content and the first and third quartile (always measured within 5 m distance, ∆θSnF ). The shaded area

highlights the interquartile-range averaged over 25 measurements.

0

2

4

6

8

10
θ  [vol.%]

0 100 200 300 400 500

−70

−60

−50

−40

−30

−20

−10

0
(a) 18 March − S, 32°, 2350 m

distance [cm]

de
pt

h 
[c

m
]

0

2

4

6

8

θ  [vol.%]

0 100 200 300 400 500

−70

−60

−50

−40

−30

−20

−10

0
(b) 19 March − S, 32°, 2300 m

distance [cm]

de
pt

h 
[c

m
]

0

2

4

6

8
θ  [vol.%]

0 100 200 300 400 500

−70

−60

−50

−40

−30

−20

−10

0
(c) 19 March − SW, 33°, 2350 m

distance [cm]

de
pt

h 
[c

m
]

0

2

4

6

8

10
θ  [vol.%]

0 100 200 300 400 500

−70

−60

−50

−40

−30

−20

−10

0
(d) 20 March − SSE, 27°, 2290 m

distance [cm]

de
pt

h 
[c

m
]

Fig. 10. State of snow wetness, 18 - 20 March 2010 on southerly aspect slopes at similar altitudes in the

beginning of the melt phase. Contour plots showing cross-sections of snow wetness (θ) to a depth of up to 70

cm over 5 m wide areas across the slope. All observations were observed in shallow snowpack areas at similar

elevations (2000 - 2300 m) in southerly aspect slopes (SE, S, SW). θ, measured with the Snow Fork, is corrected

by -0.8 vol.% (this corresponds to the median measured water content in dry snow). θ-values greater than 10

vol.% are shown as 10 vol.%.
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Fig. 10. State of snow wetness, 18–20 March 2010 on southerly aspect slopes at similar alti-
tudes in the beginning of the melt phase. Contour plots showing cross-sections of snow wet-
ness (θ) to a depth of up to 70 cm over 5 m wide areas across the slope. All observations were
observed in shallow snowpack areas at similar elevations (2000–2300 m) in southerly aspect
slopes (SE, S, SW). θ, measured with the Snow Fork, is corrected by −0.8 vol.% (this corre-
sponds to the median measured water content in dry snow). θ-values greater than 10 vol.%
are shown as 10 vol.%.

2008

http://www.the-cryosphere-discuss.net
http://www.the-cryosphere-discuss.net/4/1967/2010/tcd-4-1967-2010-print.pdf
http://www.the-cryosphere-discuss.net/4/1967/2010/tcd-4-1967-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/


TCD
4, 1967–2011, 2010

Point observations of
liquid water content

in wet snow

F. Techel and
C. Pielmeier

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

0

2

4

6

8

10
θ  [vol.%]

0 100 200 300 400

−70

−60

−50

−40

−30

−20

−10

0
(a) 20 March − S, 28°, 2190 m

distance [cm]

de
pt

h 
[c

m
]

ground

ground

0

2

4

6

8

10
θ  [vol.%]

0 100 200 300 400 500

−70

−60

−50

−40

−30

−20

−10

0
(b)  24 March − SSE, 28°, 2330 m

distance [cm]

de
pt

h 
[c

m
]

0

1

2

3

4

5

6

7
θ  [vol.%]

0 100 200 300 400 500

−70

−60

−50

−40

−30

−20

−10

0
(c) 03 April − S, 20°, 2050 m

distance [cm]

de
pt

h 
[c

m
]

0

2

4

6

8

10
θ  [vol.%]

0 100 200 300 400 500

−60

−50

−40

−30

−20

−10

0
(d) 17 April − S, 30°, 2210 m

distance [cm]

de
pt

h 
[c

m
]

ground
ground

Fig. 11. Evolution of snow wetness during melting from 20 March till 17 April 2010 on southerly aspect slopes

at similar altitudes. Contour plots showing cross-sections of snow wetness (θ) to a depth of up to 70 cm over 5

m wide areas across the slope. All observations were observed in shallow snowpack areas at similar elevations

(2000 - 2300 m) in southerly aspect slopes (SE, S, SW). θ, measured with the Snow Fork, is corrected by -0.8

vol.% (this corresponds to the median measured water content in dry snow). θ-values greater than 10 vol.% are

shown as 10 vol.%.

●

a) one measurement

θ5m  [vol.%]

θ S
nF

  [
vo

l.%
]

0 2 4 6 8 10

0

2

4

6

8

10

●

●

●

●

●

●

●
●

●

●

●

●

●●
●●●●
●

●

●
●●

●

●

●

●

●●
●

●●●

●●
●

●

●

●●
●●

●●
●

●

●●

●

●

●
●
●

●

●
●

●
●

●●
●●

●

●
●

●●●
●
●
●
●
●
●
●

●
●

●

●

●

●

●

●

●

●

●

●
●

●

●
●
●

●●

●

●

●

●

●
●●●●

●
●
●

●●
●●

●

●
●

●

●

●

●

●

●

●●●
●●
●●
●
●
●●

●

●

●

●

●
●
●●●●●●

●●

● ●●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●●

●

●

●

●

●

● ●

●
●

●
●●

●●●
●

●●
●

●●
●
●

●

● ●

●

●

●
●●

●
●●
●

●●●
●●
●

●
●

●●
●

●

●

●●

●

●
●

●

●
●

● ●●●
●

●
●

●

●

●
●

●

●

●

●
● ●

●

●

●

●

●

●

●

●

●
●

●
●●

●

●
●●

●

●

●
●

●
●

●●●
●
●

●●

●

●

●

●
●
●

●

●

●

●

●
●

●

●

●

●

●
●

●

●

●●

●

●

●
●

●

●

●

●
●
●

b)

∆θSnF  [vol.%]

F
re

qu
en

cy

−4 −2 0 2 4

0

100

200
c)

∆  mWC class

F
re

qu
en

cy

−2 −1 0 1 2

0

100

200

●

d) three mesaurements

θ5m  [vol.%]

θ m
3 

 [v
ol

.%
]

0 2 4 6 8 10

0

2

4

6

8

10

●

●●
●

●
●

●

●

●

●●
●

●

●
●
●

●

●

●

●

●

●
●

●
●

●

●

●

●●

●
●●

●

●●

●

●

●●

●

●

●

●

●

●

●
●

●
●●

●

●

●
●●

●

●

●

●

●

●

●

●
● ●●

●
●

●
●

●

●

●●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●
●●

●

●

●

●

●
●

● ●
●

●●

●

●

●

●

●

●●●●●●

●

●
●

●
●

●

●
●

●

●

●
●

●
●

●
●
●

●
●

●

●

●

●

●

●
●

●

●

●

●

●

●

●
●●●

●

●

●

●

●●●
●●

●

●

●

●
●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●
●

●●●

●

●

●●

●

●●●
●●

●

●
●

●

●
●

●

●●

●

●

●

●

●
●

●●●●
●

●

●

●

●●●
●

●

●●

●

●

●

●

● ●

●

●

●

●

●
●

●

●

●
●●

●

●

●
●

●

●●
●

●
●

●

●
●

●

●

●

●

●●●

●

●

● ●●
●

●
●
●

●

●

●

●

●

●●

●

●
●

●●

●●●

●
●
●

●

●

●

●

●

●

●

●

●

e)

∆θSnF  [vol.%]

F
re

qu
en

cy

−4 −2 0 2 4

0

100

200

f)

∆  mWC class

F
re

qu
en

cy

−2 −1 0 1 2

0

100

200

Fig. 12. Comparison between measurement samples and the median of a 5 m cross-section at a certain depth

θ5m. Upper row plots (a-c) show the comparison for one randomly selected measurement to θ5m, lower row

plots (d-f) compare the median of three measurements (θm3) observed at 1 m horizontal distance to θ5m.

Scatter-plots show the absolute values (a, d), the histograms the difference between θ-values (∆θ, plots b and

e) and the difference in wetness classes (∆ mWC) using the international classification (Fierz et al., 2009, plots

c, f).
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Fig. 11. Evolution of snow wetness during melting from 20 March till 17 April 2010 on southerly
aspect slopes at similar altitudes. Contour plots showing cross-sections of snow wetness (θ) to
a depth of up to 70 cm over 5 m wide areas across the slope. All observations were observed
in shallow snowpack areas at similar elevations (2000–2300 m) in southerly aspect slopes (SE,
S, SW). θ, measured with the Snow Fork, is corrected by −0.8 vol.% (this corresponds to the
median measured water content in dry snow). θ-values greater than 10 vol.% are shown as
10 vol.%.
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Fig. 11. Evolution of snow wetness during melting from 20 March till 17 April 2010 on southerly aspect slopes

at similar altitudes. Contour plots showing cross-sections of snow wetness (θ) to a depth of up to 70 cm over 5

m wide areas across the slope. All observations were observed in shallow snowpack areas at similar elevations

(2000 - 2300 m) in southerly aspect slopes (SE, S, SW). θ, measured with the Snow Fork, is corrected by -0.8

vol.% (this corresponds to the median measured water content in dry snow). θ-values greater than 10 vol.% are

shown as 10 vol.%.
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Fig. 12. Comparison between measurement samples and the median of a 5 m cross-section at a certain depth

θ5m. Upper row plots (a-c) show the comparison for one randomly selected measurement to θ5m, lower row

plots (d-f) compare the median of three measurements (θm3) observed at 1 m horizontal distance to θ5m.

Scatter-plots show the absolute values (a, d), the histograms the difference between θ-values (∆θ, plots b and

e) and the difference in wetness classes (∆ mWC) using the international classification (Fierz et al., 2009, plots

c, f).
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Fig. 12. Comparison between measurement samples and the median of a 5 m cross-section
at a certain depth θ5m. Upper row plots (a–c) show the comparison for one randomly selected
measurement to θ5m, lower row plots (d–f) compare the median of three measurements (θm3)
observed at 1 m horizontal distance to θ5m. Scatter-plots show the absolute values (a, d), the
histograms the difference between θ-values (∆θ, plots b and e) and the difference in wetness
classes (∆ mWC) using the international classification (Fierz et al., 2009, plots c, f).
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Fig. 13. Wetness classification incorporating vertical and horizontal water content distribution. The x-direction

shows the percentage of the snow which has been wetted, where dry/wet is fully dry or fully wet and mixed

consists of both dry and wet regions. The y-direction shows the vertical distribution of snow wetness. Diur-

nal changes occur mostly within the upper-most 10 - 15 cm of the snowpack and are not considered in this

classification.
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Fig. 13. Wetness classification incorporating vertical and horizontal water content distribution.
The x-direction shows the percentage of the snow which has been wetted, where dry/wet is
fully dry or fully wet and mixed consists of both dry and wet regions. The y-direction shows
the vertical distribution of snow wetness. Diurnal changes occur mostly within the upper-most
10–15 cm of the snowpack and are not considered in this classification.
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