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[11 A dramatic reduction in soil frost depth has been reported for Hokkaido Island of

northern Japan over the last 20 years. Since soil frost strongly affects snowmelt infiltration
and runoff, the reduction in frost depth may have altered the water and nutrient cycles in
this region. A paired-plot experiment was conducted in an agricultural field in Tokachi,
Hokkaido, to compare the movement of soil water at different frost depths, controlled

by manipulating the depth of snow cover. Snow was removed to enhance soil freezing in
the treatment plot and was undisturbed in the control plot. The soil froze to a maximum
depth of 0.43 m under the treatment plot and 0.11 m under the control plot. During the
freezing period, the amount of upward soil water flux toward the freezing front in the

treatment plot was more than double that in the control plot. During the snowmelt period,

infiltration of meltwater was unimpeded by the thin frozen layer in the control plot,
whereas the relatively thick frozen layer in the treatment plot impeded infiltration and
generated 63 mm of runoff. These results clearly show that the changes in the timing and
thickness of snow cover deposition can cause a dramatic reduction of frost depth and

change in the soil water dynamics.

Citation: Iwata, Y., M. Hayashi, S. Suzuki, T. Hirota, and S. Hasegawa (2010), Effects of snow cover on soil freezing, water
movement, and snowmelt infiltration: A paired plot experiment, Water Resour. Res., 46, W09504, doi:10.1029/2009WR008070.

1. Introduction

[2] Many cold regions in the world experience an annual
top down freezing of the soil during the winter months.
However, recent studies have demonstrated an association
between climate warming and a reduction in soil-frost
penetration depth [Frauenfeld et al., 2004; Hirota et al.,
2006] and the frozen period [Cutforth et al., 2004] in cold
regions around the world. A frozen soil layer generally
increases the amount of snowmelt runoff by decreasing soil
permeability and thereby impeding infiltration [Bayard et al.,
2005]. This results in increased soil erosion [Dygarden,
2003], reduced soil moisture recharge [Gray et al., 2001]
and deep percolation [Johnsson and Lundin, 1991], and an
increased magnitude of spring freshet [Shanley and Chalmers,
1999; Unoki et al., 2003]. As the depth and duration of soil
frost decreases in cold regions, snowmelt infiltration is
expected to increase, which may affect the aforementioned
processes. The development of soil frost results in a very
low soil matric potential at the freezing front, which induces
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a large potential gradient [Miller, 1980]. This results in the
movement of water from the deeper soil to the freezing front,
which significantly influences frost heaving [Hohmann,
1997] and nutrient transport [Gray and Granger, 1986].

[3] Despite the potential importance of changes in frost
depth, few studies have quantitatively examined the rela-
tionship between frost depth and the dynamics of soil water.
Recent advances in monitoring methods, such as time
domain reflectometry (TDR), have allowed for the auto-
matic monitoring of water content in frozen soils [e.g.,
Stdhli et al., 1999; Nyberg et al., 2001; Flerchinger et al.,
2006]. However, comprehensive field measurements of soil
water movement in frozen soils are rare due to the logistical
and technical difficulty of conducting fieldwork in cold
environments. As a result, it is difficult to examine long-
term changes in soil water movement associated with cli-
mate change. Data from a region that presently has thick soil
frost may provide insight into the past conditions of regions
that have undergone frost-depth reduction. However, infil-
tration in frozen soils is affected by soil permeability, water
content, repeated thawing and refreezing, and many other
factors and their complex interactions [Stdhli, 2005].
Therefore, a quantitative comparison of soil-water dynamics
for different frost depths requires data collected from similar
soil and climatic conditions. Numerical models [e.g., Stihli
et al., 1996; Gray et al., 2001] may provide a useful tool for
sensitivity analysis, but such models need to be calibrated
and validated using site-specific field data. Comparative
field studies are impeded by the difficulty of finding sites
with deep soil frost next to similar sites with shallow frost.
Alternatively, artificial snow cover removal decreases the
thermal insulation of soil surfaces and increase frost depths.
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This approach has been used in forest environments to
obtain soil temperature and moisture data under consider-
ably different snow and frost depth conditions [Thorud and
Duncan, 1972; Hardy et al., 2001; Decker et al., 2003], and
may be useful for studying the effects of snow and frost
depth on soil-water dynamics in other environments.

[4] In the Tokachi District of northern Japan, annual
maximum frost depth has decreased from > 0.4 m to 0.05—
0.2 m over the past 20 years, while average winter
(December—February) air temperature showed no systematic
trend [Hirota et al., 2006]. The penetration of soil frost is
generally enhanced by low air temperature and reduced by
the thermal insulation of snow cover. The effect of latter is
determined by the thickness and the timing (early versus
late) of snow cover [e.g., Luetschg et al., 2008]. From the
analysis of meteorological variables and frost depths, Hirota
et al. [2006] showed that the decrease in frost depth in
Tokachi is caused by the earlier development of snow cover
in recent years, compared to previous years, which insulates
the ground earlier and decreases the effective time window
for soil-frost penetration. This shift in the timing of snow
cover development is believed to be related to a shift in
synoptic-scale meteorology associated with climate change
[Hirota et al., 2006]. Iwata et al. [2008a] found that a rel-
atively thin (annual maximum < 0.2 m) frozen layer under
present climatic conditions does not impede snowmelt
infiltration, suggesting that a dramatic shift in winter soil-
water dynamics and snowmelt infiltration/runoff may have
occurred in this region, due to the recent decrease in frost
depth. However, it is difficult to compare the present and
past soil-water dynamics and snowmelt infiltration/runoff
processes in Tokachi, due to the lack of detailed field data
from the pre-shift period.

[5] The purpose of this study is to compare soil water
dynamics and snowmelt infiltration under present soil-frost
conditions with those under past conditions simulated by
removing snow cover to increase the effective time window
of soil freezing. The specific research objectives are (1) to
quantify soil-water movement during a winter period in two
adjacent plots under natural and simulated soil frost condi-
tions, (2) to determine the factors controlling the differences
in snowmelt infiltration, and (3) to gain insight into the
influence of frost-depth reduction on the agricultural envi-
ronment of Tokachi.

2. Materials and Methods

2.1. Study Site

[6] This study was conducted at an experimental field
located in the town of Memuro in the central part of Tokachi
District, Hokkaido, Japan (Figure la), and operated by the
National Agricultural Research Center for Hokkaido Region
(143°05'E/42°53'W). Between 1979 and 2006, mean annual
precipitation was 957 mm and mean monthly air temperature
was —8.7°C for January and 18.0°C for July at the Memuro
meteorological station, located 2.5 km west of the study site
(Japan Meteorological Agency, Source of the archived
meteorological data, March 2009, http://www.data.jma.go.
jp/obd/stats/etrn/index.php). The study site is covered by
volcanic-ash soil, which has a low bulk density, high
porosity, and high hydraulic conductivity (Table 1) [Iwata et
al., 2008a]. The soil is underlain by a gravel layer at a depth
of 1.3 m, and the water table in this area occurs at a depth of

IWATA ET AL.: SNOW COVER EFFECTS

W09504

8 m [Oka, 2000]. Large desiccation cracks are absent from
the soil profile, based on visual observation in soil pits. The
site has very little topographic relief (less than 1% slope).

[71 Two 5 x 5 m plots were located adjacent to each other
(Figure 1b). Snow cover was manipulated in one plot
(treatment plot), whereas natural conditions were maintained
in the other (control plot). Based on long-term data from the
study site [Hirota et al., 2006], the average annual maxi-
mum frost depth (+one standard deviation) was 0.13 m
(#0.07 m) and the average annual maximum snow cover
thickness was 0.85 m (£0.20 m) during 1997-2005. In
contrast, the average annual maximum frost depth was 0.38 m
(#£0.14 m) and annual maximum snow cover thickness was
0.47 m (£0.19 m) during 1986-1996. Therefore, we aimed
to achieve a maximum frost depth of 0.4 m and a snow
cover thickness of 0.5 m in the treatment plot to simulate the
1986-1996 conditions. The study was conducted from
November 2005 to April 2006. Snow cover was removed
after each snowfall event, several times between December
19 and January 13. To avoid further frost penetration, snow
was artificially replaced after frost depth reached 0.4 m. As a
result, the amount of snow in the treatment plot was com-
parable to that in the control plot at the onset of snowmelt
(see results in section 3). Prior to the site installation, oats
were planted in the summer of 2005 and harvested in
September. After harvest, the soil was plowed to a depth
of 0.15 m and mixed with plant residues.

2.2. Site Instrumentation and Snow Measurement

[8] Soil water content was monitored using a TDR system
(TDR100; Campbell Scientific inc.) with 0.3-m long, three-
rod probes (CS605). The probes were installed horizontally
into the exposed face of a soil pit at a depth interval of
0.1 m from 0.05 to 1.05 m (Figure 1c). The pit was backfilled
after the installation. To calibrate the probes, soil samples
were collected from individual soil horizons, air-dried, and
repacked in cylindrical PVC containers (0.083 m in internal
diameter and 0.34 m in length) to approximately the same
bulk density as that of the respective soil horizon (Table 1).
The probes were inserted into the samples and soil water
content was adjusted to desired values by adding distilled
water to the top of the sample. After adding the water, the top
was covered with plastic sheet to prevent evaporation, and
apparent soil dielectric permittivity was determined once the
output of the TDR probes had stabilized (usually one day after
adding water). Polynomial calibration functions were used
to calculate water content from dielectric permittivity for
individual soil horizons. The root-mean squared (RMS)
error of calibration functions ranged between 0.004 and
0.012 m®> m>. The water content measured by TDR in
frozen soil is generally considered to represent liquid water
content, as the dielectric permittivity of ice is similar to that
of solid soil particles [Stein and Kane, 1983; Suzuki, 2004].

[v] Soil matric-potential was measured continuously
through the winter at depths of 0.9 and 1.0 m using spe-
cifically designed tensiometers equipped with an insulating
material and a small heat source [Iwata and Hirota, 2005a,
2005b]. These tensiometers were installed in a separate soil
pit located 2 m away from the TDR probes (Figure 1b).

[10] Soil temperature was monitored in the same soil pit
as the TDR probes. Copper-constantan thermocouples were
installed from the surface down to 1.0-m depth (Figure 1c¢).
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Figure 1. (a) Location of the study site, (b) layout of the instruments, and (¢) soil profiles and depths of

the sensors.

Soil was considered frozen when temperature was below 0°C
[Iwata et al., 2008b]. A heat-flux plate (REBS, HFTI1.1)
was installed at a depth of 0.02 m to monitor ground heat
flux (Figure lc). The flux plate was calibrated against
independent flux estimates obtained during May—October
2006 using the combination method [Hirota et al., 2001;
Sauer, 2002], which combines the calorimetric method with

an estimate of conductive flux at the bottom of soil profile.
Volumetric heat capacity for the calorimetric calculation
was estimated from specific heat, density, and volumetric
fraction of individual phases [/wata et al., 2008a, equation 5].
Thermal conductivity of volcanic-ash soil is generally much
lower than other types of mineral soils [Kasubuchi, 1975].
Therefore, the model of Johansen [1977], modified for
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Table 1. Soil Profiles and Physical Characteristics of the Study Site®

Soil Horizon A 1C 2C 3C 4C
Treatment plot depth (m) 0-0.38 0.38-0.61 0.61-0.79 0.79-1.05 1.05+
Control plot depth (m) 0-0.39 0.39-0.59 0.59-0.88 0.88-1.00 1.00+
Soil texture L-CL S;L CL SCL C
Dry bulk density (Mg m ) 0.82 0.66 0.84 1.04 1.03
Porosity (m* m ) 0.68 0.76 0.69 0.63 0.63
Saturated hydraulic conductivity (m s ') 7.0 x10°° 40 x107° 63 x107° 23 %107 8.8 x 107°

“For soil texture, L is loam, CL is clay loam, S;L is silt loam, SCL is sandy clay loam, and C is clay.

volcanic-ash soil by Yamazaki et al. [2003], was used to
estimate thermal conductivity from dry bulk density,
porosity, particle density, quartz content, and water content
[Iwata et al., 2008Db].

[11] The soil pit data were recorded as 10-min average
values by a Campbell Scientific CR-23X data logger. Pre-
cipitation and air temperature were continuously monitored
at a meteorological station located 100 m from the study site
(Figure 1a). Precipitation was measured using an overflow-
type tipping-bucket rain gauge (Yokogawa Electric Corp.,
B071-20) with a heated water reservoir and a windshield
(Yokogawa Electric Corp., RT-4). Air temperature was
measured at 1.9 m above the ground using a resistive plat-
inum sensor (Vaisala, HMP45A).

[12] Snow cover thickness and snow water equivalent
(SWE) were measured manually twice a week at 0900h.
SWE was measured at each plot using a 50-mm internal
diameter aluminum snow-survey tube. Since evaporation
rates from the snow surface during snowmelt are very small
(<0.5 mm d ") compared to snowmelt rates at the study site
[Hayashi et al., 2005], daily snowmelt (M; mm d ') was
calculated from the difference in SWE between two subse-
quent measurements plus the amount of precipitation that
occurred between the measurements.

2.3. Calculation of Soil Water Storage and Flux

[13] Soil water storage was calculated for a soil profile
extending from 0 to 1.1-m depth. The soil profile was
divided into 11 layers, each 0.1 m thick. The TDR probes at
depths of 0.05, 0.15, ..., 1.05 m represented the layers of
0-0.1, 0.1-0.2, ..., 1.0-1.1 m, respectively. Soil water flux
(g95) at 0.95-m depth was calculated from Darcy’s law for

Snow surface

0.95-m depth

unsaturated soil using the tensiometer data from 0.9 m and
1.0 m, with positive values indicating upward flux. Unsat-
urated hydraulic conductivity (k) at 0.95-m depth was cal-
culated as a function of matric-potential head (y) using the
arithmetic mean of the two tensiometer outputs. To define
the conductivity function k(w), the conductivity of soil
samples was measured in the laboratory using the steady
state method [Hasegawa and Sakayori, 2000] for —1.4 m <
v < 0.0 m, and the one step method [Doering, 1965] for w <
—1.4 m. Triplicate undisturbed soil cores, 0.113 m in
diameter and 0.05 m in length, were collected from the 3C
horizon (Table 1) corresponding to tensiometer depths. To
take into consideration the hysteresis of k(y), the steady
state method was applied to wetting and drying processes.

[14] Soil water flux (g.; mm d ') at a given depth (z)
between the bottom of frozen layer and 1.1-m depth was
calculated using the water balance equation:

q: = 495 — ASZ,95/AI(Z < 0.95 m) (la)

= ¢95 + ASZ_QS/AZ‘(Z > 0.95 rn) (lb)
where AS, o5 is the change in the amount of liquid water
stored (mm) in the soil layer between z and 0.95 m during a
time interval (At; d).

[15] To quantify snowmelt infiltration through frozen soil,
the top 0.95 m of the soil profile was divided into two
layers, F and U (Figure 2). The boundary between the two
layers is set at depths of 0.4 m in the treatment plot and
0.1 m in the control plot, which roughly coincide with the
seasonal maximum frost depth in the two plots (see
section 3.1). For both plots, almost all of the F layer was

snowmelt + rain
runoff from the study plot
. change in surface storage

ASr: change in liquid-water storage in
F layer

>[,: amount of soil ice melt

Yqr: cumulative water flux at the
bottom of F layer

ASy: change in liquid-water storage in
U layer

2q9s: cumulative water flux at the
bottom of U layer

Figure 2. Schematic diagram of soil water balance during the snowmelt period. The thickness of F layer
is 0.4 m in the treatment plot and 0.1 m in the control plot.
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frozen at the start of snowmelt on March 10 (frost depth was
0.39 m in the treatment plot and 0.11 m in the control plot).
The liquid-phase water balance of the F layer is written as

M + Iy — (SR + AS,) = ASp — Sgr (2)

were 2M is the sum of snowmelt and liquid precipitation
(mm) during a calculation period, X1, is the amount of soil
ice melt (mm), ASk is the change in liquid-water storage
(mm), ¥qr is the total soil water flux crossing the bottom of
the F layer (mm), and ¥R + AS, is the residual term, which
is considered to be the sum of runoff and the change in
surface storage or ponding (mm), respectively. The Xgr was
calculated by applying equation (la) to the bottom of the
F layer. Thus, the total g for a calculation period is given as

—Xgr = ASy — Xqos (3)

where ASy is the change in storage of liquid water in the
U layer (Figure 2). Note that the bottom of the U layer is at
0.95-m depth and the sign of g5 is positive upward. It follows
from equations (2) and (3) that

YR+ AS, =M — (ASg — Shn + ASy — Sqos)  (4)

where ASg — X1, + ASy — Xqos represents snowmelt infil-
tration. The detailed calculation methods for determining
individual terms in equation (4), as well as uncertainty esti-
mates, are described in the auxiliary material." A brief sum-
mary of calculation methods are presented below.

[16] The X[, in equation (2) was calculated from the
latent heat consumed by the melting of soil ice (AH;; J m 2)
during a calculation period, using the energy balance
equation for the F layer

AH, = Gy — ©G, — AH; + X0, (5)

where Gy is the total heat flux at the bottom of the F layer
(positive upward), G is the total heat flux at the soil
surface, AH; is the change in sensible heat stored in the
F layer, and X0, is the advective energy input by infiltrating
water at the soil surface. The X1, is equal to AH, divided by
the latent heat of fusion.

[17] The XG; was calculated using the combination
method (see section 2.2), and XG; was approximated by the
heat flux plate data. The calculation of AH; requires an
estimate of bulk soil volumetric heat capacity, which in turn
requires an estimate of volumetric ice fraction (f;) in the F
layer. The initial value of f; was estimated from the water
balance calculation (see section 3.2). The value of f; was
updated at each calculation step by subtracting >/, from the
previous volume of ice. The YO, was calculated as a
product of infiltration amount, volumetric heat capacity of
water, and the temperature of infiltrating water, which was
approximated by the soil surface temperature measured by
the surface thermocouple. The magnitude of X0, was much
smaller than other terms in equation (5) for most of the

'Auxiliary materials are available in the HTML. doi:10.1029/
2009WR008070.
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snowmelt period, as the soil surface temperature remained
close to 0°C (see section 3).

3. Results

3.1.

[18] Figure 3 shows daily mean values of air temperature,
soil heat flux at 0.02-m depth (Gj), soil temperature, liquid
water content, soil matric potential head, and the hydraulic
gradient at 0.95-m depth. Daily precipitation, snow cover
thickness, and snow water equivalent (SWE) are also shown
in Figure 3. The soil started to freeze in late November, as
indicated by the decrease in soil temperature (Figure 3f) and
liquid water content (Figure 3g). The freezing is caused by
the upward Gy (Figure 3e) induced by the low air temper-
ature (Figure 3b). Soil freezing progressed similarly in both
plots until December 19, when the first snow removal
occurred in the treatment plot (Figure 3c). The rate of
decrease in soil temperature slowed after December 19 in
the control plot as the thick (>0.3 m) snow cover reduced
the magnitude of G, (Figures 3c and 3e). In contrast, G;
increased (Figure 3e) and soil temperature and liquid water
content in the treatment plot continued to decrease steadily
after December 19 under a very thin snow cover until
January 13, when snow was put back on the treatment plot
to prevent further penetration of the freezing front.

[19] The maximum frost penetration depth, which
occurred in late February, was 0.11 m in the control plot and
0.43 m in the treatment plot (Figure 3f). Minimum soil tem-
perature in the frozen layer was lower in the treatment plot
(0 to —6°C) than in the control plot (0 to —2°C) (Figure 3f).
Soil matric potential head at 0.9-m depth was much lower in
the treatment plot (—5.8 m) than in the control plot (—2.7 m)
(Figure 3h). The peak magnitude of hydraulic gradient at
0.95-m depth was 14 in the treatment plot and 1 in the
control plot (Figure 3i), indicating a larger driving force for
upward water movement toward the freezing front in the
treatment plot.

[20] A 19 mm rainfall event occurred on February 26
(Figure 3a). The infiltration of rainwater increased soil water
content in the shallow zone in both the treatment and control
plot (Figure 3g). In the control plot, liquid water content
below the frozen layer increased (Figure 3g) after the rain
event, indicating the infiltration of snowmelt and rainwater
through the frozen layer. A similar change in liquid water
content did not occur in the treatment plot.

[21] Snowmelt started on March 10 (Figure 3d), and liquid
water content at all depths increased rapidly in the control
plot and remained nearly constant until the end of the
snowmelt period (Figure 3g). In the treatment plot, liquid
water content below 0.4-m depth increased only gradually
during March (Figure 3g). Snow cover melted completely
by March 22, but developed again after a new snowfall on
March 29 (Figure 3c). The second phase of snowmelt started
on April 6 and ended on April 17. The frozen layer persisted
until the end of second snowmelt period in the treatment
plot, but disappeared after the first melt phase in the control
plot (Figures 3c and 3f).

[22] The maximum frost depth was 0.43 m and maximum
snow cover thickness was 0.43 m in the treatment plot.
These values are close to the target values of 0.4 m for frost
depth and 0.5 m for snow cover, and reasonably simulated
average soil frost and snow cover conditions of 1986—1996.

Overview
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Figure 3. Time series of (a) precipitation, (b) air temperature, (c) thickness of snow cover, (d) snow
water equivalent (SWE), (e) heat flux at the depth of 0.02 m (Gy), (f) soil temperature, (g) liquid soil water
content, (h) matric potential head, and (i) hydraulic gradient from November 2005 to April 2006. The data
gap in G, soil temperature, liquid soil water content, matric potential head, and hydraulic gradient is

caused by instrumental problems.

[23] Physical processes during the observation period can
be described in four stages: (1) top-down freezing accom-
panied by the upward soil water flow from the unfrozen soil
to the freezing front under a thin snow cover, (2) no further
advance of the freezing front under a thick snow cover,
(3) rapid infiltration of rain and snowmelt water causing the
temperature to increase in the frozen soil, and (4) snowmelt

infiltration and soil thawing. In the following, we will
present water flux calculations during the stages 1 and 4.

3.2. Upward Soil Water Flux Under the Frozen Layer

[24] Unsaturated hydraulic conductivity showed mild hys-
teresis for high (>—1 m) values of matric potential (Figure 4).
Therefore, two separate k() functions are used for —1.4 m <
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Figure 4. Relationships between soil hydraulic conductiv-
ity and matric potential head for soil samples collected from
3C horizon.

v < 0.0 m, and a single function was used for y < —1.4 m.
The least squares regression was used to fit polynomial k()
functions to the measured data:

log(k) = 1.62 x 10~ *y|® — 7.50 x 1073|y|* + 0.121y|*
—0.935|y]’ +3.74|y|* — 7.46|y| — 4.44(y < —1.4 m)
= —5.80|y|* + 18.4|y|* — 19.8]y|
—1.83(—1.4m < v < 0.0 m, drying)
= —3.93|y]’ + 13.3|y|* — 14.9]y|
—3.63(—1.4 m < y < 0.0 m, wetting) (6)

Water flux (mm d™)
-1 0 1
0.0 T
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where k is expressed in [m s '] and y in [m]. The RMS error
of regression was 0.130 (unitless on logarithmic scale) for
v <-1.4m,0.110 for—1.4 m < y < 0.0 m in drying process,
and 0.126 for —1.4 m < y < 0.0 m in wetting process.

[25] Figure 5 shows the depth profile of average soil
water flux below the freezing front (i.e., bottom of the frozen
layer) over three 10-day periods before snowmelt for both
study plots. Soil water flux below 0.2 m was negative (i.c.,
downward) for December 1-10 (Figure 5) in both plots due to
the infiltration of rainwater in late November (Figure 3a).
Flux was positive at all depths for January 1-10 (Figure 5)
in both plots as water moved toward the freezing front,
driven by the negative hydraulic gradient (Figure 3i). Noting
that this is the period with a thick snow cover in the control
plot and a very thin snow cover in the treatment plot (Figure 3c),
the large difference in the magnitude of fluxes between the
two plots demonstrates the effect of snow removal. The
difference was relatively small for February 1-10 (Figure 5)
after snow cover was put back on the treatment plot.

[26] Cumulative soil water flux crossing the depth of
0.4 m in the treatment plot was 20 mm during the snow
removal period (December 20 to January 13). In contrast,
cumulative flux at 0.4-m depth was 4 mm in the control
plot, indicating a strong effect of snow cover in the control
plot. During the period of similar snow cover conditions
between the two plots (January 14 — February 25), the
cumulative fluxes were 13 and 10 mm in the treatment and
control plots, respectively, suggesting a relatively small
difference between the two plots.

[27] Before the freezing started on November 27, the
F layer (0-0.4 m) in the treatment plot had 165 mm of water.
The total flux entering the bottom of the F layer in this plot
was 39 mm between November 27 and February 25. The
liquid water content in the F layer did not increase during
this period (Figure 3g), indicating that the added water froze
in the F layer. Therefore, the total amount of water (liquid +
ice) in the F layer on February 25 was estimated to be
204 mm ( = 165 + 39). The TDR data for the treatment plot
indicate that the F layer had 87 mm of liquid water on
February 25, meaning that the amount of ice in the F layer
was 117 mm ( = 204 — 87) on February 25. Similar water
balance calculations for the control plot showed that the
amount of ice in the F layer (0-0.1 m) was 47 mm on
February 25.

Water flux (mm d™)

2 -1 0 1 2

0.4 r

0.6 K

Depth (m)

0.8 —o—
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Treatment plot

Figure 5.

Control plot

Average soil water flux below the frozen layer over three 10-day periods during soil freezing.
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Figure 6. Cumulative values of snowmelt water + precip-
itation (XM) and infiltration (ASg — X1 ,,, + ASy —Xqos) in
the treatment and control plots during and after the snow-
melt period. Snow cover was absent during the shaded
period.

[28] Using the soil temperature and heat flux plate data
with equation (5), the energy balance calculation showed
that the total amount of latent heat (AH)) consumed by the
melting of ice in the F layer during the entire soil thawing
period starting February 25 was 36.2 MJ m 2 in the treat-
ment plot and 12.5 MJ m 2 in the control plot (see the
auxiliary material for detailed calculation). These are
equivalent to total ice melt of 109 mm in the treatment plot
and 37 mm in the control plot, and are close to the amount
ice on February 25 based on the water balance (see the
paragraph above). Therefore, the water balance calculation
is consistent with the energetics of soil thawing.

3.3. Snowmelt Infiltration

[29] As described in section 3.1, the frozen layer in the
treatment plot persisted during the entire snowmelt period,

W09504

inhibiting the rapid infiltration of rain and meltwater. To
quantify this effect, cumulative snowmelt infiltration was
calculated from the beginning of the snowmelt period
(March 10) and plotted in Figure 6. The difference between
the snowmelt (XM) and infiltration (ASg — X1, + ASy —
Y.g9s) curves is the sum of runoff and surface storage (see
equation (4)), or the infiltration excess.

[30] Snowmelt rate was small (3.5 mm d') during March
10-15, and very little infiltration occurred in the treatment
plot (Figure 6a). Snowmelt rate increased to 15 mm d '
during March 16-22, but infiltration rate remained low
(3.5 mm d ") in the treatment plot, indicating that infiltration
was impeded by the frozen soil layer. As a result, infiltration
excess increased and reached 100 £ 3.5 mm (see the
auxiliary material for detailed calculation and uncertainty
estimate) on March 22 (Figure 6a), when the snow had
melted completely. Surface ponding of meltwater was
observed during the snow-free period between March 22
and 28 (shaded area in Figure 6a). The steady increase in
cumulative infiltration during this period indicates surface
water infiltration. The March 29 snowfall started the second
phase of melt. During a relatively cold period from March 29
to April 6, 48 mm of infiltration occurred in the treatment
plot, while snowmelt was only 29 mm (Figure 6a), sug-
gesting that the continued infiltration of surface water.
During the subsequent warmer period of April 7-17, the
infiltration rate (10 mm d™') was comparable to snowmelt
rate (11 mm d") in the treatment plot (Figure 6a), indicating
relatively unimpeded infiltration through the frozen layer.
Based on visual observation, surface ponding ended on
April 18. For the entire melt period of March 10-April 18,
total snowmelt was 291 mm and total infiltration was 228 +
62 mm in the treatment plot. Despite the relatively large
degree of uncertainty in infiltration estimates, the difference
between the amount of snowmelt and infiltration (Figure 6a)
clearly indicates that a substantial amount of snowmelt
water moved out of the system as surface runoff.

[31] In the control plot, snowmelt and infiltration rates
were nearly identical during March 10-22 (Figure 6b),
indicating unimpeded infiltration of meltwater. Infiltration
rate became larger than snowmelt rate after March 25, when
the soil surface was exposed temporarily. This difference
continued increasing until April 15 (Figure 6b), suggesting
lateral input of runoff water (i.e., negative 2R in equation (4))
may have occurred from the treatment plot.

[32] Soil water flux was negative (i.e., downward) at all
depths in the control plot at the beginning of the snowmelt
period (March 1-10) (Figure 7), indicating that the wetting
front had already reached the bottom of the soil profile due to
the infiltration of rain and snowmelt water on February 26.
In contrast, soil water flux below 0.8 m was still upward in
the treatment plot during this period (Figure 7), and turned
downward during March 11-20, indicating a delayed arrival
of the wetting front compared to the control plot. However,
the magnitude of downward flux in the treatment plot was
much smaller than in the control plot during March 11-20
(Figure 7), indicating that infiltration was impeded by the
frozen soil layer. The magnitude of flux was comparable
between the two plots during April 1-10 (Figure 7) and
thereafter, while the frozen layer was still present in the
treatment plot (Figure 3f), indicating that the frozen soil
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Figure 7. Average soil water flux below the frozen layer over four 10-day periods during soil thawing.

layer did not impede infiltration during these periods, which
is consistent with the interpretation of Figure 6a.

4. Discussion

[33] The upward soil water flux at the depth of 0.4 m in the
treatment plot was much larger than that in the control plot
during the period of snow removal (Figures 3c and 5). In
contrast, despite the large magnitude of hydraulic gradient
(Figure 3i), the soil water flux at the depth of 0.95 m was
small in the treatment plot (Figure 5) (the total flux between
December 20 and February 25 was only 3 mm) because
unsaturated hydraulic conductivity was very small at low soil
matric potential (Figure 4). These results indicate that the
influence of upward flow on nutrient transport is restricted to
relatively shallow depths, even when frost depth is as deep as
0.4 m. In other regions where soil frost penetrates deeper than
1 m, the upward movement of soil water and nutrients extends
to greater depths [Gray and Granger, 1986].

[34] During the snowmelt period, most of the meltwater
infiltrated in the control plot (Figure 6b), and the infiltra-
tion front quickly reached the bottom of the soil profile
(Figures 3g and 7). This is consistent with a five-year study
conducted by Iwata et al. [2008a], who concluded that thin
frozen layers did not impede snowmelt infiltration. There-
fore, under the present climatic conditions of Tokachi, a
large amount of snowmelt water infiltrate to deeper soil
horizons and possibly to the water table.

[35] Snowmelt infiltration was clearly impeded in the
treatment plot (Figure 6a). To gain insight into the processes
that impede infiltration, we note that previous studies else-
where have shown that infiltration flux is reduced as liquid
water refreezes and reduces hydraulic conductivity [Bayard
et al., 2005]. In the present study, however, frozen soil
temperature in the treatment plot was close to 0°C (-0.11°C
of average temperature at the F layer) at the onset of
snowmelt on March 10. The energy balance calculation
using equation (5) also indicated that the amount of
refreezing was undetectable during the period following the
rain infiltration event on February 26 or snowmelt after
March 10 (see the auxiliary material for detailed calculation).
Therefore, the refreezing mechanism cannot account for the
reduction in snowmelt infiltration rate. It is more likely that

the hydraulic conductivity in the frozen layer was reduced
by the preferential blockage of large soil pores by the ice
that formed during the pre-melt period, as demonstrated
by Seyfried and Murdock [1997] using air permeameter.
Moreover, previous researches mentioned that horizontal ice
lenses can develop near the freezing front, especially in
medium textured or silty soils [e.g., Miller, 1980], which
impede the vertical water movement. Although we did not
make direct observation, it is possible that such ice lenses
may have contributed to the reduction in infiltration rate.
[36] To corroborate this idea, Figure 8 shows the relative
volume of air, ice, and liquid water in the F layer in the
treatment plot, expressed as the percentage of total pore
volume. Relative ice volume was 43% before the snowmelt
and remained nearly constant until March 22, while the
snow cover was present (Figure 8). Ice volume rapidly
decreased to 26% during March 22-28, while the soil sur-
face was exposed, and remained nearly constant once the
soil surface was covered by snow again (Figure 8). The
rapid melting of ice was due to the increased heat conduc-
tion from the exposed soil surface lacking the snow cover
insulation and having low albedo. Since the snowmelt rate
was relatively low between March 29 and April 6 (Figure 6),
it is impossible to determine whether infiltration in the
treatment plot was impeded during this period. However,

Snowcover was absent in these periods
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Figure 8. Relative volumes of ice, liquid water, and air in
the pore space of F layer in the treatment plot.
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infiltration was clearly unimpeded during the high melt-rate
period of April 7-17 (Figure 6a), suggesting that a relatively
small ice volume during this period was not sufficient to
block large soil pores and reduce hydraulic conductivity.
Figure 8 shows that total water volume (liquid + ice) in the
frozen layer was high prior to the onset of snowmelt. It is
well known that high pre-meltwater content reduces snow-
melt infiltration in frozen soil [Kane and Stein, 1983; Stdhli
et al., 1996; Zhao and Gray, 1999; Gray et al., 2001].
Therefore, a major reduction of snowmelt infiltration in the
treatment plot is likely caused partly by the wet conditions
of late fall and water supply from the deeper soil layer
during the freezing period, which resulted in high pre-melt
ice content in the frozen soil layer.

[37] In addition to ice content, soil structure and macro-
pores may also influence infiltration. Macropores may be
caused by desiccation cracks, animal burrows, and plant
roots, and can transmit large amounts of water through
frozen soil layers [Gray et al., 2001; van der Kamp et al.,
2003; Stdhli et al., 2004]. However, the study site was
cultivated during the previous growing season and as such,
only small tubular pores (<1 mm) were observed with no
large cracks or holes. The absence of macropores may have
contributed to the impeded snowmelt infiltration in the
treatment plot.

[38] The study plot was flat (<1% slope), which favored
the on-site retention of a fairly large amount of surface
water. The estimated cumulative infiltration excess in the
treatment plot was 100 mm on March 22 and 63 mm on
April 18 (Figure 6a). It should be noted that these estimates
have a large degree of uncertainty as indicated in section
3.3. Nevertheless, using 63 mm as a rough estimate of the
runoff resulting from the 291 mm of snowmelt during
March 10-April 17 (Figure 6a), the plot-scale runoff ratio
was 0.22 ( = 63/291) in the treatment plot, and 0 in the
control plot. Therefore, the difference in frost depth could
potentially cause a dramatic difference in snowmelt runoff
regime. It should be noted, however, that the plot-scale
runoff ratio may not directly translate into larger-scale
runoff ratio, as some portion of runoff may be retained by
larger-scale topographic features such as depressions
[Hayashi et al., 2003].

[39] The experiment was designed to evaluate the effect
of the timing of snow cover on soil water dynamics and
snowmelt infiltration. Other factors including the rates of
snowmelt and soil thaw, which may be determined by air
temperature, thickness of snow cover, solar radiation, etc.,
can affect the amount of snowmelt runoff. Further field
experiments or numerical simulations will be required to
quantify the effects of these other factors.

5. Conclusions

[40] The paired-plot experiment compared the soil water
movements during freezing and thawing under the natural
condition (control plot), and under a manipulated snow
cover (treatment plot). During the 1980s, soil frost pene-
trated to an average depth of 0.4 m in early winter, while the
snow cover on the ground was thin as the development of
thick snow cover occurred much later in the 1980s com-
pared to the present. In the treatment plot, we kept removing
snow until early January to achieve the maximum frost
depth of 0.43 m, similar to the average frost depth during the

IWATA ET AL.: SNOW COVER EFFECTS

W09504

1980s. The maximum frost depth in the control plot was
0.11 m. The key findings are: (1) upward soil water flux
during the penetration of freezing front was much larger in
the treatment plot than in the control plot, (2) snowmelt
infiltration was impeded by the frozen soil layer in the
treatment plot and unimpeded in the control plot, and (3) a
large amount (approximately 100 mm) of infiltration excess
occurred during the snowmelt period in the treatment plot,
while no infiltration excess occurred in the control plot.
Although this experiment did not examine all factors perti-
nent to soil freezing and snowmelt infiltration, the results
clearly indicate a strong influence of the timing of snow
cover on soil frost penetration and soil water dynamics.

[41] Based on this experiment and the previous field study
by Iwata et al. [2008a], the critical frost depth that impedes
infiltration and generates runoff in this region is somewhere
between 0.2 and 0.4 m. Estimates of the critical frost depth
can be further refined by repeated field experiments or
numerical experiments using a calibrated model. Such esti-
mates will play an important role in water resources man-
agement of the Tokachi region, as they provide the key
information regarding the changes in spring runoff and soil
infiltration regime. They can also provide tools for agri-
cultural management, such as large-scale snow cover
manipulation to mitigate negative impacts associated with
the changes [Hirota, 2008].
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