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The infiltration of melted snow water and rainwater into snow can drastically change the
form of snow layers. This process is an important factor affecting wet snow avalanches.
Accordingly, numerous field surveys and cold room experiments have been conducted
to investigate the distribution of water in snow. The common methods of water content
measurement (calorimetric and dielectric methods) are implemented by disturbing snow
samples to measure them. However, the resolutions obtained are of the order of
several centimeters, which hinders the continuous measurement of the water content
of a particular sample. Magnetic resonance imaging (MRI), which is typically used in
the medical field, can be used to generate a high-resolution three-dimensional (3D)
image of the water distribution in samples without destructing them. The luminance of
images produced by MRI depends on the volumetric water content of the sample, with
luminance increasing with volumetric liquid water content. Therefore, the volumetric liquid
water content of the sample can be estimated from its luminance value. Considering
this concept, we developed a method to measure the volumetric liquid water content
of wet snow samples using MR images. To evaluate the developed method, we
prepared several wet snow samples and measured their various volumetric liquid water
contents using MRI (Oyr) and the calorimetric method (O¢ay). Ovimr, @and 64/ showed good
correlation when compared, with values in the range 0.02-0.46. Therefore, our system
can accurately and non-destructively measure water content. The developed method
using MRI can measure 3D volumetric liquid water contents with a high resolution (2 mm).
Using the developed method, we investigated the hysteresis of the water retention curve
of snow based on the measurements of a wetting process (boundary wetting curve) and
a drying process (boundary drying curve) of the water retention curve for each sample.
Our results indicate the existence of hysteresis in the snow water retention curves and
the possibility of modeling it by adopting contexts of soil physics.

Keywords: wet snow, Magnetic Resonance Imaging, liquid water content, inhomogeneity of water content,
non-destructive visualization, hysteresis
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INTRODUCTION

An accurate description of meltwater movements in snow covers
is essential to improve the prediction of wet snow disasters.
Penetrating water is sometimes ponded at the boundary of snow
layers with different characteristics caused by capillary barriers
(e.g., Khire et al., 2000; Waldner et al., 2004; Avanzi et al,
2016). A snow layer with a high water content can become
the sliding surface of an avalanche as the shear strength of
snow exponentially decreases as a function of the volumetric
water content (Yamanoi and Endo, 2002). The ponding of
water above a capillary barrier is prone to subsequent flow
instability, which subsequently results in a preferential flow
path. As a result, a heterogeneous water discharge occurs from
the snowpack. This heterogeneous water discharge affects the
timing of full-depth avalanches because they are sometimes
triggered by water reaching the bottom of snow covers. Moreover,
snow grain characteristics rapidly change in wet conditions,
and snowpack mechanical properties, stability, and optical
properties all change with the liquid water contents (Marshall
et al., 1999; Baggi and Schweizer, 2008; Mitterer et al.,, 2011;
Techel and Pielmeier, 2011; Dietz et al,, 2012; Mitterer and
Schweizer, 2013; Schmid et al., 2015). Therefore, knowledge
on the distribution of liquid water contents in snow covers
resulting from water movements is important to understand
snow properties.

The water retention curve, which is also known as the
“soil-water characteristic curve,” “water content-matric potential
curve, or “capillary pressure—saturation relationship,” shows
the relationship between the liquid water content and matric
potential and is a fundamental aspect of hydraulic properties
in porous media (Klute, 1986). A water retention curve can
be classified as either a wetting process (boundary wetting
curve) or a drying process (boundary drying curve). The liquid
water content obtained along the boundary drying curve is
generally greater than that obtained at the same suction along
the boundary wetting curve of the same sample due to hysteresis.
The mechanisms for this hysteretic response include the ink-
bottle effect arising from the non-uniformity of interconnected
pores, potential differences in advancing and receding solid—
liquid contact angles, wetting- and drying-induced changes
to pore structure, air entrapment, capillary condensation, and
thixotropic or aging effects dependent on the wetting/drying
history (Hillel, 1980; Lu and Likos, 2004). The hysteresis plays
an important role in the development of preferential flow paths
in soil. Because soil and snow are both porous media, the
hysteresis in snow also plays an important role in the preferential
flow path development in snow, considering that the water
retention curve of snow shows hysteresis. Although several
studies (Wankiewicz, 1978; Adachi et al., 2012) have implied the
presence of hysteresis in the water retention curve of snow, it has
not yet been proven.

Recently, Leroux and Pomeroy (2017) developed a model of
water movements in snow based on the context of soil physics
(Kool and Parker, 1987), with the assumption that the water
retention curve of snow is subject to hysteresis. They succeeded
in reproducing preferential flow paths in snow covers using their

model. Their work was innovative as it first introduced the idea
of hysteresis in the water retention curve to a water movement
model in snow. However, room for discussion remains due to the
lack of knowledge on hysteresis in snow water retention curves
and the direct application of water retention curve hysteresis in
soil physics to snow.

Experiments investigating the hysteresis of porous media
are generally conducted by measuring the boundary wetting
curve and boundary drying curve of the same sample.
Therefore, measuring the boundary wetting curve and boundary
drying curve using the same snow samples is necessary to
investigate the hysteresis of the water retention curve. However,
the common methods of measuring liquid water content,
calorimetric (Akitaya, 1978; Kawashima et al, 1988), and
dielectric measurements (Denoth et al., 1984; Sihvola and Tiuri,
1986), are implemented by melting the sample or inserting a
device into the sample. However, making multiple measurements
of the liquid water content of a single sample using these methods
is difficult. Recently, Yamaguchi et al. (2010, 2012) measured the
boundary drying curve of snow and found these measurements
to be more sensitive to change than the boundary drying
curve of sand. Their results imply that a high-resolution liquid
water content measurement (<few centimeters) is required to
detect the difference between the boundary wetting curve and
the boundary drying curve; however, neither of the standard
methods can provide such high-resolution data. Consequently,
a new, non-destructive, high-resolution method is required to
measure the liquid water content of snow for the investigation
of hysteresis in the snow water retention curve.

Magnetic resonance imaging (MRI) is one of the measurement
methods that are non-destructive and have high resolution
(Lauterbur, 1973). MRI can image nuclear magnetic resonance
(NMR) signals from protons in a liquid and has been commonly
used in medical applications to image tissues, such as the brain
and tendons, which have a high water content. MRI has also
been used for the measurement of water in porous media. Amin
et al. (1994) obtained measurements of the distribution of water
in packed clay soil columns to study the static and dynamic
water phenomena in soil with adequate liquid water content;
Hollewand and Gladden (1995) continuously imaged the liquid
in porous catalyst support pellets to investigate the relationship
between the inhomogeneity of the porous structure and the
diffusion of the liquid; and Ozeki et al. (2007) visualized brine
channels in sea-spray icing to investigate the former’s role in the
development of the latter. These studies only focused on the water
distribution in the porous media and did not discuss quantitative
water distributions.

Recently, we have developed a specialized form of MRI, called
Cryospheric MRI (C-MRI), to examine wet snow (Adachi et al.,
2009, 2017, 2019). In this study, a new method to measure
quantitative liquid water content in snow using C-MRI was
developed. Subsequently, by employing the characteristics of
MRI measurement (non-destructive and high resolution), an
investigation of the boundary wetting curves and boundary
drying curves with the same snow samples was conducted.
Finally, the hysteresis of the water retention curve of snow was
discussed using these data.
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C-MRI

In this study, a compact MRI system, which employs a small
permanent magnet and a small console (Haishi et al., 2001), was
used (Adachi et al., 2009, 2017). The C-MRI hardware comprised
four parts: a permanent 0.21 T magnet, a gradient coil set, an
RF coil located in a cold room with a temperature of 0°C, and
an MRI console located in the laboratory under uncontrolled
temperature conditions (Figure 1). The C-MRI machine had a
gap of 0.25 m, in which the permanent magnet homogeneity was
25 ppm over a 0.15m diameter spherical volume at 26°C. As
the permanent magnet homogeneity changes with temperature,
a shim coil was installed to correct the distorted magnetic field
(Tamada et al., 2011; Adachi et al., 2019) at 0°C. Two problems
are associated with maintaining the temperature of the wet snow
samples at 0°C in the system: warming due to the intermittent
current flow in the coils and fluctuations in the temperature of the
cold room. To maintain the sample at the correct temperature, an
air flow cooling system and a water cooling system incorporated
around the RF coil were introduced into our C-MRI system
(Adachi et al., 2019).

MR images can be obtained in two main methods: spin echo
and gradient echo. According to Bernstein et al. (2004), the
gradient echo method is generally more suitable for fast imaging,
due to its shorter imaging time than the spin echo method. On the
contrary, the spin echo method has greater immunity to artifacts
resulting from off-resonance effects, such as inhomogeneity of
the main magnetic field and magnetic susceptibility variations.
In this study, we selected the spin echo method because the C-
MRI system had a small amount of inhomogeneity in its magnetic
field, even though it was corrected by the shim coil system.

The normal matrix size of the obtained MR image of a three-
dimensional (3D) spin echo sequence was 128 x 128 x 128
pixels with a voxel size of 1 mm?>. The imaging time of this
matrix size was ~330min. The echo time, which is the time
from the application of a pulse for exciting the NMR signal until
its appearance, was 10 ms and the repetition time, which is the
time from one excitation pulse to the next, was 1,200 ms. The
repetition time was determined based on the result of the bulk
water measurement using C-MRI. The spin-lattice relaxation
time and spin-spin relaxation time of bulk water were 1,000
and 900 ms, respectively. In this study, the image intensity is
dumped with a factor of 0.7 using these values. To obtain
a stronger image intensity, an extension of repetition time is
better; however, it is undesirable from the perspective of snow
metamorphism, namely the snow grain characteristics rapidly
change in wet conditions (Tusima, 1973; Brun, 1989). In this
study, image intensity is predominantly weighted by spin-lattice
relaxation time because echo time is significantly less than spin—
spin relaxation time and repetition time is of the same order as
spin-lattice relaxation time. Moreover, the spin-lattice relaxation
time of the bulk water in the wet snow samples should not
significantly change because the snow samples do not contain
paramagnetic impurities. Under this condition, it is reasonable to
consider that image intensity is proportional to its water content.

In the experiments, the voxel size was changed from 1 to 2
mm? (matrix size of 64 x 64 x 64 pixels) to reduce the imaging

time. For these parameters, the imaging time was reduced from
330 to 80 min. Furthermore, the introduction of compressed
sensing (Lustig et al., 2007), which is a technique for estimating
the data required for imaging a small number of data samples
and reconstructing the image, resulted in a final imaging time
of 20min. This value is sufficiently low to avoid the effects
of rapid metamorphism of the snow grain in wet conditions
(Tusima, 1973; Brun, 1989).

Figure 2 shows the examples of vertical cross-section images
of a boundary drying curve of the snow samples taken by our
C-MRI scanner. The snow samples were made of sieved snow
(with particle diameters ranging from 1.0 to 1.4 mm) and was
place into a column with a diameter and height of 80 and 150 mm,
respectively. The column with the snow samples was placed in a
plastic cup, which had a volume greater than that of the column,
and was submerged in 0°C water. The column was allowed to
settle until the snow samples were saturated with 0°C water.
Next, the water was subsequently removed from the plastic cup
until the water level was 10 mm from the bottom, and the snow
samples were allowed to settle until a steady state of the water
movement in the snow samples were reached. Finally, the sample
was imaged with C-MRI (8-bit grayscale image, with a matrix size
of 128 [height] x 128 [width] x 16 voxels [depth] and voxel size
of 1 x 1 x 8 mm).

The distribution of the water content in the sample is shown
by the grayscale value in the figure, where a brighter shade
indicates that there is more water present. Generally, MRI
can only detect the protons in the liquid. Therefore, the dark
areas above the hydraulic head (broken line in Figures 2A-C)
indicated a lack of liquid water (or less liquid water) in this area.
Figures 2A-C are the seventh, eight, and ninth slices of the 16
slices in the depth direction, respectively, and each image has
an 8 mm thickness in the depth direction. The water heads have
a different shape in each image. They have an inhomogeneous
distribution, even though they are taken only 8 mm apart along
the depth direction. The 3D inhomogeneity of the hydraulic
head may depend on the different locations resulting from
the 3D inhomogeneity of the air gap size distribution, which
controls the water retention capability. This result indicates
that the water distribution in snow strongly depends on
the snow’s microstructure. However, collecting such detailed
water distribution data using the common methods of liquid
water content measurement has not been possible previously.
Therefore, our C-MRI method can become a powerful tool to
understand the dependency of water distribution in snow on
the microstructure.

CALCULATION OF VOLUMETRIC LIQUID
WATER CONTENT FROM MR IMAGES

Method

Kose et al. (2004) developed a method to measure the trabecular
bone volume fraction of the calcaneus using MRI of the heel
and a standard phantom, which was filled with a solution to
compare proton densities. When the image of the heel was
taken, bone marrow fluid in the calcaneus was imaged with
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FIGURE 2 | Vertical images of MRI of wet snow sample. White area: water, Gray

are hydraulic head. (A) Image at 7th slice, (B) image at 8th slice, and (C) image at 9th slice.
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certain luminance values, depending on the content of bone
marrow fluid present. By comparing the luminance values of the
calcaneus with the luminance values of the standard phantom,
the volumetric content of bone marrow fluid in the calcaneus can
be estimated, considering that the luminance values have a linear
dependence on the content of marrow fluid. According to Kose
et al. (2004), three conditions are necessary to use their method:
First, the repetition time must be sufficiently longer than the echo
time, which was followed in this study, as stated in section C-
MRI. Second, the spin-spin relaxation time must be corrected for
every sample. Our imaging target is always water, so this measure
should be corrected for each sample. Third, a target sample and
standard phantom image must both be present in the image. They
can be checked with a device that takes a sample MR image.
For these reasons, we concluded that the method reported by
Kose et al. (2004) can be applied to calculate the volumetric liquid
water content from an image of wet snow taken using MRL

In our system, a reference phantom, consisting of a
100-mm-diameter plastic tube filled with pure water, was set close

to the snow samples, so that the image included the reference
phantom and snow samples (Figure 3A). If the magnetic field
is perfectly homogeneous, then the volumetric liquid water
content of the wet snow samples can be shown as the ratio
of the image intensity averaged over a region of the sample
at a certain height (R;) and the image intensity averaged over
a region of the reference phantom at the same height (R,;)
(Figure 3B). However, a realistic magnetic field has a certain
spatial heterogeneity, and thus the ratio of R; to R,; needed to be
corrected using an image of the standard phantom (Figure 3C).
The cross-sectional area of the standard phantom included the
areas of Ry and R,,. Here, the image intensity averaged over the
same region of R, in the cross section of the standard phantom
is shown as R, and that of R, is shown as R,, (Figure 3C). If the
magnetic field is perfectly homogeneous, then R, and R,, should
be the same because the areas of R, and R,, are completely filled
with water. In other words, the ratio of R,; and R,, indicates
the degree of influence of the magnetic field heterogeneity.
On the basis of these concepts, the volumetric liquid water
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Standard phantom (Pure water)

FIGURE 3 | Schematic diagram of the method for calculating volumetric water content from image of MRI. (A) Vertical sectional image of MR, (B) horizontal sectional
image of MR, and (C) standard phantom filled with pure water only. Rs, region of interest of measuring water content of wet snow sample; Rq1, region of interest of
standard phantom neighbor of wet snow sample; R,,, same region of interest as Rs in standard phantom; and Re», same region of interest as Rep in standard phantom.

content of the samples using MRI (Opr) was calculated using the
following equation:

R R
S x 2 (1)

OMRI = ——
Rel Rw

As the magnet of our C-MRI machine had a large gap, the
magnetic field heterogeneity may have depended on fluctuations
in the environmental conditions, such as electric noise and
temperature. To minimize these effects, the images of the
standard phantom were taken once on each experimental day,
and Ry, R.1, Rz, and Ry, in Equation (1) were calculated using
images obtained on the same day. Here, by using the data of
the standard phantom taken on different days, we estimated
the influence of this in Equation (1), which originates from the
fluctuation of the magnetic field heterogeneity resulting from
the changing environmental conditions. In the investigation, the
ratios of Re; and R,, were calculated and compared for every
height of 2mm for seven experimental days of the standard
phantom data. The ratios showed small fluctuations between
days, and the average standard deviation over all the heights was
=£0.05. The actual uncertainty of the water content calculation
using (Equation 1), due to the fluctuation of the magnetic field
heterogeneity, should be smaller than £0.05 because the images
of the sample and the standard phantom were taken on the
same day within several hours. Nonetheless, we concluded that
the maximum uncertainty of the water content calculation using
(Equation 1) was £0.05.

Procedure to Test the Method

To evaluate the accuracy of our method in calculating the
volumetric liquid water content using (Equation 1) and MRI,
comparisons between Opr; and measured volumetric liquid
water contents using the calorimetric method (6,) were
conducted. The snow samples for the accuracy verification
experiments were refrozen melt forms kept in a cold room

at —10°C. The snow samples were screened to control the grain
size, and three grain sizes (S, 1.0-1.7 mm; M, 1.7-2.0 mm; L,
2.8-3.4mm) were selected. Snow from each sample was packed
into a sample column that consisted of six acrylic rings (ring size:
20mm in length, 50 mm in diameter) taped securely together.
The bulk density was ~500 kg m~3, which was determined by
the volume of the sample column and the weight of snow added
and was controlled by tamping each snow sample. To create
various volumetric liquid water contents, a gravity drainage
column method (Yamaguchi et al,, 2010, 2012) was adopted
(Figure 4). First, the column holding the snow samples was set
on a plate and subsequently set in a plastic cup with a height
of 150 mm and diameter of 95mm (Figure 4A). Water at 0°C
was poured into the cup to submerge the sample column on
the plate. Next, the column was allowed to settle until the snow
samples were saturated with 0°C water (this process took 10 min)
(Figure 4B). The water was subsequently removed from the cup
until a defined water-table level in the plate was reached, and
the sample column was allowed to settle again until a steady
state of the water movement in the snow samples was reached
(this process also took 10min) (Figure 4C). Then, the sample
column on the plate, which kept the water-table level, was moved
from the plastic cup to the MRI machine, and an MR image was
taken. Finally, using (Equation 1), the volumetric liquid water
content was calculated at 2 mm height intervals. After the MRI
measurement, the sample column on the plate was removed from
the MRI scanner, and the volumetric liquid water content of each
column was measured at 20 mm height intervals using a portable
calorimeter (Kawashima et al., 1988). As the height resolution of
Oprr was 2 mm and that of 6,,; was 20 mm, the measured Opgrrs
were averaged over every 10 pixels to obtain the same height
resolution of 6., for comparison. To investigate the accuracy of
Omrr> 71 volumetric liquid water content s with three different
grain size samples (S, 16 cases; M, 22 cases; L, 33 cases) were
measured using the MRI method (0prr) and the calorimetric
method (0,,).
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FIGURE 5 | Relationship of volumetric liquid water content between MRI
method and calorimetric method. Or/, volumetric liquid water content
measured using image of MRI; 6.4, volumetric liquid water content measured
using the calorimetric method. The error range for each point is £0.02 on the
001 @and £0.05 on the Oyg;.

Accuracy Evaluation Results of the Method
Figure 5 compares the results of the Oyr; and 6, methods.
In this figure, each data point was plotted with an
uncertainty range resulting from each method: £0.02 on

0cq1 (Kawashima et al., 1988) and +0.05 on 6y (see section
Calculation of Volumetric Liquid Water Content From MR
Images). The solid line is a 1:1 line. Although several 6y data
showed smaller values than 6., Opr; values were mostly larger
than Ogy values, and this trend did not depend on the grain size.
This difference may be caused by the quality of the MR image
due to external noise, but the reason why Oyrr gave consistently
larger values than 6, is unclear at present.

To correct the Ojry values, we assumed a linear dependency
on 6., because both data sets essentially show the same
trend. Equation (2) gives this parameterization with the least
squares method:

Ocal = 0.9 Oprr (R* = 0.9) )

Using Equation (2), we can obtain the correct quantitative
volumetric liquid water content with a residual standard error
of £0.05.

HYSTERESIS IN SNOW WATER
RETENTION CURVES

Procedure to Measure the Hysteresis in

Snow Water Retention Curves

To investigate the hysteresis of the snow water retention curves,
the boundary wetting curve and boundary drying curve of
the snow samples were measured using the MRI method. The
snow samples for hysteresis measurements were similar to those
described in section Procedure to Test the Method, namely,
screened refrozen melt forms with three different grain sizes
(S, 1.0-1.7mm; M, 1.7-2.0 mm; L, 2.8-3.4 mm) were used. The
snow samples were placed into a sample folder connected with
several acrylic pipes (50 mm diameter), as presented in section
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Procedure to Test the Method. Three sample sets for each
grain size were made, and three experiments for each grain size
were conducted using these sample sets. The details of these
experiments are provided in Table 1, where the values were
averaged over three sample sets for each grain size.

First, the boundary wetting curves were measured. The sample
set on the plate was set into a plastic cup with a diameter
and height that were sufficiently larger than those of the snow
samples (Figure 4). Subsequently, 0°C water was poured into the
plastic cup until the bottom few centimeters of the sample were
submerged (Figure 4). Water infiltrated into the snow samples
due to the capillary force of snow from the bottom of the sample.
When the water movement in the sample reached a steady
state (after 10 min), the distribution of the volumetric liquid
water content was measured using the MRI method, and the
measured values were corrected using (Equation 2). After the
boundary wetting curve measurement, the same sample was fully
submerged in the 0°C water in the plastic cup. After 10 min,
water was drained from the plastic cup until a defined water-table
level in the plate was reached, and the sample was subsequently
maintained at 0°C until it reached a steady state (10min in
this study) (Figure 4). The distribution of the volumetric liquid
water content was also measured using MRI and corrected using
(Equation 2). These results were considered to represent the
boundary drying curve.

Characteristics of the Hysteresis of Snow

Water Retention Curves
Figure 6 shows the measurement results of the boundary wetting
curve and boundary drying curve for three grain sizes. The data
in the figure were averaged over three experimental results using
different snow samples for each grain size. For all grain sizes,
the volumetric liquid water content obtained along the boundary
drying curve is greater than that obtained at the same suction
(h) along the boundary wetting curve. This trend is similar to
the hysteresis of a soil water retention curve. Therefore, we
concluded that a snow water retention curve has hysteresis, which
is similar to that of soil.

Yamaguchi et al. (2010, 2012) measured the boundary drying
curve and analyzed measured data using the Van Genuchten
equation (Van Genuchten, 1980), which is described as follows:

1 -1 ¥
y=— (s —1) 3)
with
Se — (9w - Or)
s —0r)

where ¥ is the pressure head, S, is the effective saturation, and
a, n, and m are parameters, with m = 1-1/n. 0,,, 6,, and 6, are
the volumetric liquid water content, irreducible volumetric liquid
water content, and saturated volumetric liquid water content,
respectively. For detailed analyses, the obtained water retention
curves in this study were fitted using the Van Genuchten equation
using the Retention Curve (RETC) software (Van Genuchten
et al, 1991). In this study, the value of 6, was fixed as 0.02
(Yamaguchi et al., 2010, 2012) and 6; was not fixed, although

Yamaguchi et al. (2010, 2012) used a 6, value of 90% of sample
porosity. The straight lines in Figure 6 show the fitting curve of
the Van Genuchten equation determined using the RETC. The
values of 65 for grain sizes S and L showed almost the same
values of 90% of the sample porosity, which corresponds to the
results of Yamaguchi et al. (2010, 2012). By contrast, the values
of 6, for a grain size of M were slightly smaller (80% of the
sample porosity).

To describe the boundary wetting curve and boundary drying
curve using the results of Equation (3), the parameter vectors (0;’1 R
Osd, Gz, a? n?) and 0,6y, 0), a”, n") are introduced, where
superscripts w and d indicate wetting and drying, respectively.
According to Kool and Parker (1987), the relationships between
the parameter vectors of the boundary wetting curve and
boundary drying curve in soil physics are as follows:

n" =n?
o =yt (4)
oy = o¢
6 =64

where y is a coeflicient that varies from 1 to 5.66 depending on
soil cohesiveness, with a mean value of 2.2 (Likos et al., 2013).
First, Equation (4) can be applied to the analyses of the hysteresis
of the snow water retention curve. 8" = 6¢ should be completed
because 6, is fixed as 0.02 in this study. The assumption that 6"
= Gsd seems to be also completed from the results in Figure 6.
Therefore, two of the four conditions in Equation (4) are fulfilled
by the hysteresis of the water retention curve of snow.

Yamaguchi et al. (2012) indicated that a? and n? can be
described as functions of ps/d as follows:

o = 4.4 x 109 (%)70'98 (5)

0.61
nt=1+427%x1073 (%)

where ps is the dry density of the snow samples (kg m—3) and d
is the grain size (m). Figure 7 shows the relationship between «
(¢4 and «™) and ps/d and between 1 (n? and n") and p,/d. In the
figures, the fitting curves of « and n, which were calculated using
(Equation 5), are also shown.

Regarding n? and n", Figure7 indicates two important
results: First, the assumption that n" = n? should be reasonable
for the hysteresis of the snow water retention curve. Second,
Equation (5) can efficiently reconstruct the values of #"* and n
with ps/d. For a and ¥, all of a? were plotted near the curve
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TABLE 1 | Information of snow samples for investigation of hysteresis of snow water retention curve.

Sample name Grain size* Density Parameters in Van Genuchten model
(m) (kg m=3) od o n9 n"
d Ps
S 1.2 x 1078 492 15 22 8 8
1.9 x 1078 484 21 32 6 7
L 3.1 x 1078 526 39 54 5 5

*Grain size was calculated from the averaged over the two mesh sizes.
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FIGURE 6 | Measurement results of boundary wetting curve and boundary drying curve for different grain sizes (S, M, L) (Equation 3). BWC, boundary wetting curve;
BDC, boundary drying curve; 6, volumetric liquid water content. Red circles are measurement results of boundary wetting curve, and green triangles are measurement
results of boundary drying curve. Red and green curves are fitting curves for Van Genuchten equation, respectively.
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FIGURE 7 | Comparison results between o, n (Equation 5). Red circles are results of boundary wetting curve (BWC) and green triangles are results of boundary
drainage curve (BDC). Black curves are calculated curves using the equation of Yamaguchi et al. (2012) with ps/d. ps/d, ratio of snow density and grain size.
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calculated using (Equation 5) in Figure 7. Therefore, Equation
(5) can also reconstruct the values of ? in this study. On the
contrary, all values of a" are larger than «¢, that is, they are
plotted at a higher position than the curve calculated using
(Equation 5). This result indicates that the assumption that o™ =
ya? is valid. From these results, we finally conclude that the ideas
of Kool and Parker (1987) regarding soil physics can be applied to
the analyses of the hysteresis of the snow water retention curve.
Leroux and Pomeroy (2017) performed a sensitive analysis
of y in their model, and their results indicated that the water
movement simulation was dependent on the value of y. They
concluded that the best simulation results were obtained when
the value of  was >2.0. On the contrary, the calculated values
of y for each sample in this study are 1.4, 1.5, and 1.4 for
S, M, and L, respectively. These values are smaller than those
obtained by Leroux and Pomeroy (2017). Because this study
considered only three cases, the true value of y could not be
determined for the description of the hysteresis of snow water
retention curves and also could not discuss the dependency of
y on snow characteristics. However, our results indicate that the
water retention curve hysteresis of snow can be described using
the equations of Yamaguchi et al. (2012) and the true value of y.

CONCLUSION

In this study, we developed a method to calculate the
volumetric water content of snow using MR images. Although
the traditional methods of measuring volumetric liquid water
contents destroy the sample in the process, our method can
perform volumetric liquid water content measurements non-
destructively. In addition, our method can measure volumetric
liquid water content s with high resolution. To evaluate the
efficacy of our method, we compared the volumetric liquid water
contents of several snow samples calculated using MRI with those
measured using a calorimeter. A good linear relationship was
found between the results from 6ppr; and 6., for volumetric
liquid water content values, ranging from 0.02 to 0.42. Therefore,
we concluded that our method can be used to calculate
volumetric liquid water content over a large range in wet
snow samples.

Using our developed method, we measured the two types of
water retention curve, namely the boundary wetting and drying
curves, of each snow sample and modeled these data using the
Van Genuchten equation (Van Genuchten, 1980). Our results
indicated that the water retention curve of snow has a hysteresis
similar to that of soil; that is, the volumetric liquid water content
obtained along the boundary drying curve is greater than that
obtained at the same suction along the boundary wetting curve.
In accordance with the analyses of the ideas of Kool and Parker
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