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Abstract
Soil Water Index (SWI) represents the conceptual water stored in the soil and is calculated using a three-layer tank
model with hourly precipitation. In Japan, landslide disasters are likely to occur when SWI in an event exceeds the
maximum value of the past 10 years; however, snowmelt-driven landslide disasters have not been considered yet.
Using the tank model that simultaneously calculates SWI and runoff, we implemented the snowfall-accumulationsnowmelt processes into the original SWI and applied the modified SWI to meteorological data in Tomsk, Russia, in
spring 2010 when severe flood and landslide disasters had occurred. We conducted a sensitivity analysis of hourly
precipitation in snowy region in Japan considering that meteorological data in Russia are available every 3 h. When we
input the average of the three-hourly accumulated precipitation to calculate SWI, the result was almost identical to that
of the observed hourly precipitation being given. We then estimated the hourly temperature by linearly interpolating
the data every 3 h, and set the threshold of liquid/solid precipitation. The degree-hour method was employed to
calculate the snowmelt. The modified SWI predicted the occurrence of snowmelt-driven landslide disasters in Japan
when the calculated SWI exceeded the maximum value in the snowmelt season (March–May) for the past 10 years.
When applied to meteorological data in Tomsk, the modified SWI and calculated runoff captured the timing of
snowmelt-driven flood and landslide disasters in spring 2010. We demonstrated that by focusing on the maximum
value of SWI in the snowmelt season for the past 10 years, we can predict snowmelt-driven landslide disasters.
Keywords: Soil Water Index (SWI), Landslide prediction, Snowmelt-driven landslide disaster, Hourly precipitation, Tomsk

1 Introduction
Soil Water Index (SWI) represents conceptual water
stored in the soil and is calculated using a three-layer
tank model with hourly precipitation (Okada et al.
2001). SWI is the sum of the water S1 + S2 + S3 in Fig. 1
(unit: mm, see the next section). Considering that all
precipitation does not immediately drain out but is
stored in the soil for a long time, SWI is regarded as an
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index of long-term precipitation for landslide disaster assessment (Okada et al. 2001).
Many studies have focused on quantifying rainfall
characteristics such as the minimum rainfall intensity,
total rainfall, and SWI at which landslide disasters have
reportedly occurred in order to derive empirically critical
thresholds for landslide disaster assessment (Guzzetti
et al. 2008; Saito et al. 2010a; Chen et al. 2017). The
simplicity of this approach offers a straightforward
means for issuing regional-scale meteorological disaster
on the basis of rainfall data. In Japan, SWI and 60 min
accumulated precipitation are simultaneously used as
nationwide early warning system for landslide disasters
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Fig. 1 Schematic diagram of the three-layer tank model plus snow tank, modified after Shimizu and Uemura (2018). The figures and table within
the dotted box represent original SWI (Okada et al. 2001). α1-4 and β1-3 are dimensionless while L1-4 and S1-3 have unit of mm. The parameters
related to snow are shown in the solid box

(Osanai et al. 2010). However, it has also been demonstrated that landslide disasters are likely to occur when
SWI of an event exceeds the maximum value of the past
10 years (Okada et al. 2001; Okada 2007). Thus, we can
assess landslide disasters by using SWI alone. From this
viewpoint, we have studied SWI and empirically proved its
validity (Saito et al. 2010a, b, 2011; Saito and Matsuyama
2012, 2015).
However, the problem with SWI is that percolation of
precipitation into soil in winter is not considered (Usutani et al. 2013; Nakatsugawa et al. 2015; Miyazaki et al.
2017; Siva Subramanian et al. 2018). Landslide disasters
are common during heavy rainfall events. Torrential
rains supply water into soil surface rapidly and drastically, whereas snowmelt hydrates the soil surface continuously. We have to consider this kind of difference in
water load to surface soil layer. Accordingly, landslide
disasters can occur in snowy regions even during fine
weather in the snowmelt season (Usutani et al. 2013;
Nakatsugawa et al. 2015; Miyazaki et al. 2017; Siva
Subramanian et al. 2018).

Usutani et al. (2013) investigated the landslide disaster
that occurred at Nakayama pass near Sapporo, northern
Japan, on May 4, 2012 (Fig. 2b). They demonstrated the
possibility of increasing soil moisture due to snowmelt
without precipitation during the landslide event. This is
obvious; however, the effect is not implemented in
hydrological modeling. The hydrological model used in
their study was optimized to the basin they analyzed and
cannot be applied to other basins in its present form.
Nakatsugawa et al. (2015) and Miyazaki et al. (2017) investigated the same landslide disaster at Nakayama pass
using SWI. They prepared mesh data and solved the
surface energy balance for calculating snowmelt. This is
essentially correct; however, several data are necessary
for estimating snowmelt, i.e., temperature, relative humidity, wind speed, snow depth, short wave downward
radiation, and air pressure (all of the hourly data), along
with topography and land cover at each mesh. Siva
Subramanian et al. (2018) also analyzed the same landslide disaster at Nakayama pass with the use of SWI and
hourly precipitation. As will be explained in Section 3.2
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Fig. 2 Study area: a Tomsk, Russia. b Japanese islands with prefectural boundaries. The position of Sapporo is also indicated. c Distribution of
snowmelt-driven landslide disasters around the Sekiyama region in 2006. AMeDAS is the abbreviation of Automated Meteorological Data
Acquisition System operated by the Japan Meteorological Agency

of the present study, we can only use three-hourly precipitation and temperature, so that we cannot adopt the
method of Siva Subramanian et al. (2018). A simpler
method for predicting snowmelt-driven landslide disasters is required.
Under the framework of Japan–Russia collaborative
research programs, the authors have pursued the possibility of applying SWI to predict snowmelt-driven landslide and flood disasters around Tomsk, Russia (Fig. 2a).
At Tomsk, snowmelt-driven landslide and flood disasters
sometimes occur on the steep slopes of the Tom valley and
valleys of its small tributaries. Researchers at the National
Research Tomsk State University have monitored snowmelt-

driven landslide and flood disasters and their prediction with
the aid of local governments. The application of SWI to their
studies enables the prediction and prevention of natural
hazards, which is vital for the lives of residents in Tomsk.
In this respect, the three-layer tank model simultaneously calculates SWI and runoff (Fig. 1). Usually, when
SWI is large, runoff is also expected to be large. Based
on these characteristics, Japan Meteorological Agency
predicts floods of rivers by using runoff calculated by the
three-layer tank model (Fig. 1, Tanaka et al. 2008; Ohta
and Makihara 2019). It is spatially integrated at a certain
point above the basin. However, snowmelt water is not
considered in this calculation either (Tanaka et al. 2008).
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Considering these problems, the objective of this study
is to develop a simpler method with SWI for predicting
regional-scale snowmelt-driven landslide and flood disasters in Tomsk, Russia. In Tomsk, we can only use
three-hourly meteorological data (RIHMI-WDC 2020,
see Section 3.2). In such situations, we would like to predict the occurrence of snowmelt-driven landslide and
flood disasters properly because they sometimes occur
there (Fig. 3). In order to apply SWI and runoff in the
snowmelt season, we implemented snowfall-accumulationsnowmelt processes into the original SWI (see next
section). The precise procedures are as follows.
1) For snowy regions in Japan where information on
snowmelt-driven landslide disasters is available
(location and date of occurrence), we clarified the
change in SWI when hourly precipitation was
estimated from three-hourly accumulated
precipitation (see Section 4.1).
2) In the same snowy region in Japan, we
implemented snowfall-accumulation-snowmelt
processes into the original SWI (Fig. 1, see Section 4.2).
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3) Based on the results of (1) and (2), we calculated
SWI and runoff at Tomsk based on the threehourly meteorological data. In the spring of 2010,
when severe snowmelt-driven floods occurred in
Tomsk (Fig. 3), landslides were observed as well.
We then evaluated the calculated SWI and runoff
during that event.

2 Structure of the original SWI and modified SWI
The original SWI is calculated by the three-layer tank
model (dashed line within Fig. 1, Okada et al. 2001). The
units of variables and parameters that appear in the
following equations are given in the caption of Fig. 1. In
this figure, first tank, second tank, and third tank are arranged from the top within the dashed line. Runoff from
the respective tank corresponds to surface runoff (Q1),
intermediate runoff (Q2), and base runoff (Q3). They are
calculated as follows unless brace { } is negative (Fig. 1).
Q1 ðtÞ ¼ α1 fS1 ðtÞ − L1 g þ α2 fS1 ðtÞ − L2 g;

ð1Þ

Q2 ðtÞ ¼ α3 fS2 ðtÞ − L3 g;

ð2Þ

Fig. 3 Snowmelt-driven flood disasters in Tomsk neighborhoods at the end of April 2010. a, b April 28, 2010; c, d April 30, 2010 (Territorial Center
“Tomskgeomonitoring” 2020)
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Q3 ðtÞ ¼ β3  S3 ðtÞ þ α4 fS3 ðtÞ − L4 g:

ð3Þ
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S1 ðt þ △tÞ ¼ S1 ðtÞ − fQ1 ðtÞ þ Z1 ðtÞg þ Rð△tÞ;

ð4Þ

snow and land surface. Specifically, we only modified the
snowmelt factor by matching the appearance/disappearance of the observed snow depth and calculated snow
water equivalent. We determined the snowmelt factor by
visual inspection of the time series of the observed snow
depth and calculated snow water equivalent from October to the next September.
Without the presence of snow, SM(t) is 0 (mm/h). In
this case, the behavior of the modified SWI is same as the
original SWI, i.e., they are identical in the warm season.

S2 ðt þ △tÞ ¼ S2 ðtÞ − fQ2 ðtÞ þ Z2 ðtÞg þ Z1 ð△tÞ;

ð5Þ

3 Study areas and data used

S3 ðt þ △tÞ ¼ S3 ðtÞ − Q3 ðtÞ þ Z2 ð△tÞ;

ð6Þ

3.1 Sekiyama region and data in Japan

Because impermeable layer is supposed to be located
under the third tank, percolation from the third tank
(first term of the right-hand side of Eq. 3) is included in
the base runoff (Okada 2020, personal communication).
S1(t), S2(t), and S3(t) are calculated as follows. △t is 20
min where hourly precipitation is divided by three and
given to the calculation (Okada et al. 2001).

where Z1(t) and Z2(t) are vertical percolation. R(△t) is
rainfall.
Z1 ðtÞ ¼ β1  S1 ðtÞ;

ð7Þ

Z2 ðtÞ ¼ β2  S2 ðtÞ;

ð8Þ

SWIðtÞ ¼ S1 ðtÞ þ S2 ðtÞ þ S3 ðtÞ:

ð9Þ

The parameters in Eqs. (1), (2), (3), (4), (5), (6), (7),
and (8) are tabulated in Fig. 1. They were optimized for
granite soil in Japan (Ishihara and Kobatake 1979); however, these parameters are applicable all over the world
because SWI uses relative ranks of past records at the
site and compares them with the rank of SWI at the
time of interest. Although different parameters modulate
the absolute SWI value, differences of soil type, geology,
and geomorphology rarely affect the relative ranks of
SWI (Okada et al. 2001). For the same reason, we do not
take into account the difference of climate, especially
snow, in Japan and Russia.
In the calculation of the original SWI mentioned
above, snowfall is treated as rainfall, and is input in
Eq. (4) even in winter (Okada et al. 2001). This is an
apparent contradiction, so that we separated snowfall
and rainfall in this study and implemented snowfallaccumulation-snowmelt processes into the original
SWI (Fig. 1).
Precipitation was discriminated to rainfall and snowfall.
Following Ogawa and Nogami (1994), we set the threshold
of liquid/solid precipitation to 2 °C. We assumed that
snowmelt (SM) occurred when the temperature was
greater than 0 °C and calculated it using the degree-hour
method (for example, Yamazaki 1994).
SMðtÞ ¼ snowmelt factor  TðtÞ;

ð10Þ

where SM(t) is snowmelt water (mm/h). Snowmelt factor is a constant that has the unit of mm/(h⋅°C), and T(t)
is hourly temperature (°C). We determined the snowmelt
factor by trial and error, not distinguishing the snowmelt
between snow surface and atmosphere and that between

We selected Sekiyama region in Niigata Prefecture for
the study area (Fig. 2c) because the area is a snowy
region and characterized by frequent snowmelt-driven
landslide disasters (e.g., Kimura et al. 2014). We
obtained information on the location and date of the
occurrence of snowmelt-driven landslide disasters from
the Ministry of Land, Infrastructure and Transport and
related websites. We can use the data of the snowmelt
season in 2006, and the temporal resolution is 1 day.
The landslides treated here is a deep-seated rotational
landslide (Cruden and Varnes 1996). SWI is also validated for prediction of deep-seated rotational landslides
and has a high correlation with movement of these landslides (e.g., Sekine and Katsura 2020).
The landslides that occurred at the mountainous area
(Fig. 2c) are characterized by sedimentary rocks. At
AMeDAS Sekiyama (Automated Meteorological Data
Acquisition System, Japan Meteorological Agency 2020,
Fig. 2c), annual mean precipitation and temperature
from 1981 to 2010 are 2013.4 mm and 11.7 °C, respectively (Japan Meteorological Agency 2020). From December to the next March, monthly mean temperature is
below 0 °C. Because Sekiyama is faced to Japan Sea side,
much snow is observed in winter, i.e., total precipitation
from December to the next March is 723.8 mm. Usually,
snow is accumulated from November to the next April;
however, in some years, it is also found in May. The
maximum snow depth is more than 2 m in February.
The seasonal march of the climate elements at Sekiyama
will be later displayed in Fig. 5.
We can use hourly meteorological data at AMeDAS
Sekiyama for precipitation, temperature, snow depth,
snowfall, wind direction/speed, and sunshine duration
data after April 1976. The temporal resolution is 1 h.
Among them, we used hourly precipitation and temperature
for calculation, and snow depth for validation. Because
Okada et al. (2001) and Okada (2007) demonstrated that
landslide disasters are likely to occur when SWI of an event
is larger than the maximum SWI of the past 10 years, the
reference period was from January 1995 to December 2004,
and the validation period was from January 2005 to
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December 2006 when information on snowmelt-driven
landslide disasters is available.
Using wind speed, we could correct the undercatch of
the snowfall into rain gauge (Motoyama 1990; Ohno et al.
1998); however, the final objective of this study is to apply
SWI to Tomsk where we can only use three-hourly precipitation and temperature, and the snow depth of every 5 or
10 days (see next section). Because the temporal resolution
of snow depth measurement is too coarse in Tomsk, we
did not consider the undercatch of solid precipitation.

from 1995 to 2006. We then assigned the average of threehourly accumulated precipitation to the hourly data. Next,
we calculated SWI at AMeDAS Sekiyama using (1)
observed hourly precipitation and (2) estimated hourly
precipitation mentioned above, and then compared them.
We performed the calculation from January 1995 to
December 2006. Here, we only verified the sensitivity of the
characteristics of hourly precipitation given to calculate SWI; as such, we did not implement snowfallaccumulation-snowmelt processes in this stage.

3.2 Tomsk and data in Russia

4.2 Implementation of snowfall-accumulation-snowmelt
processes into the original SWI

Tomsk is located in Western Siberia (Fig. 2a), and it is one
of the old cities in Siberia. Tomsk is faced with Tom River,
a tributary of Ob River. At the base of the slope of Tom
River and its tributaries, there are impermeable layers
(sandstones, argillaceous shales, clays), sandy layers containing underground water horizons, and layered strata of
loose sandy-argillaceous deposits that lie on them. Landslides near Tomsk are common along high and steep
slopes of the Tom river valley and valleys of its tributaries.
Because Tomsk is located inland of the Eurasian continent, it is relatively hot in summer and cold in winter.
The annual mean temperature from 1981 to 2010 is
0.9 °C, while mean temperature in January and July is −
17.1 °C and 18.7 °C, respectively (RIHMI-WDC 2020).
The annual mean precipitation from 1981 to 2010 is
566.5 mm. Monthly mean temperature from November
to the next March is below 0 °C, and snow is usually
accumulated from October to April. From November to
March, the total precipitation is 185.0 mm.
We archived hydrometeorological data in Tomsk from
RIHMI-WDC (2020). Both daily and three-hourly data
are available, and we used the latter beginning on January
1, 1966. Although not described in detail here, we can use
routine meteorological observations. Among them, we
used three-hourly precipitation and temperature for calculating SWI.
For validation, we used snow depth data which are
available every 5 or 10 days during the snow season
(10th, 20th, and the end of month. In some months/
years, 5th, 15th, and 25th are added). Occasionally, we
could not clearly determine the disappearance date of
snow with the use of these data alone. At Tomsk, the
reference period was from January 1999 to December
2008, and the validation period was from January 2009
to December 2010 because snowmelt-driven flood and
landslide disasters occurred in the spring of 2010.

Next, we implemented snowfall-accumulation-snowmelt
processes into the original SWI (Fig. 1) to reproduce the
occurrence of snowmelt-driven landslide disasters. We
estimated the hourly temperature by linearly interpolating the data every 3 h. We also provided hourly precipitation as the average of the three-hourly accumulated
precipitation. Based on the explanation in Section 2, we
determined the snowmelt factor at Sekiyama from October 1, 2005 to September 30, 2006. It was estimated as
1.3 mm⋅°C/day, which was divided by 24 for giving the
degree-hour method (Eq. 10). We then performed the
calculation from January 1995 to December 2006 by fixing the snowmelt factor.
In this study, we calculated SWI and compared it not
only with the maximum value of the past 10 years for
the whole year but also with that of the snowmelt season. Here, we defined the snowmelt season from March
to May, considering the presence of snow in both
Sekiyama and Tomsk.
4.3 Application of modified SWI to meteorological data in
Tomsk

We applied the modified SWI, in which snowfallaccumulation-snowmelt processes were implemented, to
the meteorological data in Tomsk. We investigated
whether we could reproduce the situation at Tomsk in
the spring of 2010 when snowmelt-driven flood and
landslide disasters had occurred (Fig. 3). We determined
the snowmelt factor in Tomsk by using data from October
1, 2009 to September 30, 2010, following the method
explained in Section 2. In this case, the snowmelt factor
was determined as 0.7 mm⋅°C/day which was divided by
24 for giving the degree-hour method (Eq. 10). We
performed the calculation from January 1999 to December
2010 by fixing the snowmelt factor.

4 Methods

5 Results

4.1 Sensitivity analysis of SWI on the characteristics of
hourly precipitation

5.1 Sensitivity analysis of SWI on the characteristics of
hourly precipitation

By using hourly precipitation at AMeDAS Sekiyama (Fig.
2c), we calculated three-hourly accumulated precipitation

Figure 4a displays SWI (orange line) calculated by the
observed hourly precipitation (blue bars) at AMeDAS
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Fig. 4 a Original SWI (orange line) calculated by observed hourly precipitation (blue bars) at AMeDAS Sekiyama (Fig. 2c) from October 1, 2005, to
September 30, 2006. Yellow dots represent the occurrences of snowmelt-driven landslide disasters. The maximum SWI (143 mm) of the past 10
years (1995–2004) is depicted by the green dashed line. In this figure, snowfall-accumulation-snowmelt processes are not implemented. b Same
as a but the hourly precipitation is given as the average of three-hourly accumulated precipitation. In this case, the maximum SWI of the past 10
years is 135 mm. c Scatter diagram between SWI_3hr (b) and SWI_obs (a), with the correlation coefficient being nearly equal to 1

Sekiyama from October 1, 2005 to September 30,
2006. In this figure, snowfall-accumulation-snowmelt
processes were not implemented; therefore, SWI increased in the winter of 2005 and summer of 2006
when larger precipitation was observed. It is possible
that precipitation in the winter of 2005 occurred as
snowfall; however, this was treated as rainfall for this
calculation because percolation into soil occurred
even with snowfall. In the upper part of Fig. 4a, the
occurrences of landslide disasters are plotted as
yellow dots. In this figure, SWI does not show any
increase in the spring of 2006 when snowmelt-driven
landslide disasters actually occurred. The maximum
SWI from October 2005 to September 2006 is 111
mm on December 15, 2005. Since the maximum SWI

in the past 10 years is 143 mm (green dashed line in
Fig. 4a), SWI on December 15, 2005, was not
sufficient to generate landslide disasters.
Figure 4b is the same as Fig. 4a, but the average of the
three-hourly accumulated precipitation was used in the
calculation of SWI. The difference in hourly precipitation is apparent in Fig. 4a and b; that is, larger hourly
precipitation is observed in Fig. 4a, whereas such large
precipitation is averaged in Fig. 4b. One surprising fact
is that we do not recognize large differences in the time
series of SWI in Fig. 4a and b. In Fig. 4b, the maximum
SWI from October 2005 to September 2006 is 110
mm on December 15, 2005, which is almost identical
to Fig. 4a. In this case, the maximum SWI in the past
10 years was 135 mm (green dashed line in Fig. 4b).
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Figure 4c displays a scatter diagram of SWI calculated
by the observed hourly precipitation (Fig. 4a) and estimated hourly precipitation (Fig. 4b). The scatters are
distributed along the 1:1 line, with the correlation coefficient being nearly equal to 1. We verified that estimating hourly precipitation as the average of threehourly accumulated precipitation has almost no effect
on the calculation of SWI, that is, three-hourly data
are sufficient.
Because three-hourly accumulated precipitation is
same as for both calculations, we think the difference of
SWI is forced by the precipitation, and basically the
difference appears within 3 h. A delay of response in
SWI for precipitation input may contribute to the difference;
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however, such effect is subtle as shown in Fig. 4. Based on
this result, we implemented the snowfall-accumulationsnowmelt processes into the original SWI (Fig. 1).
5.2 Implementation of snowfall-accumulation-snowmelt
processes into the original SWI

Figure 5a displays SWI calculated by the estimated
hourly precipitation (average of three-hourly accumulated precipitation) at AMeDAS Sekiyama from October
2005 to September 2006. In this calculation, snowfallaccumulation-snowmelt processes explained in Section
1.1 were implemented.
Figure 5a shows the increase of SWI in the spring of
2006; however, such an increase is not found in Fig. 4a

Fig. 5 a Same as Fig. 4b but modified SWI with considering snowfall-accumulation-snowmelt processes. The maximum SWI for March–May (57
mm) of the past 10 years (1995–2004) is also plotted as blue dashed line. b Average of three-hourly rainfall and temperature at AMeDAS
Sekiyama. The red dashed line represents 0 °C. c Observed snow depth (blue line) and calculated snow water equivalent (orange line) from
October 1, 2005, to September 30, 2006, at AMeDAS Sekiyama. d Calculated runoff (blue bar) and snowmelt water (orange bar) from October 1,
2005 to September 30, 2006 at AMeDAS Sekiyama. Note that the right axis is reversed
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and b because precipitation in the winter of 2005–2006
was snowfall that was later accumulated (Fig. 5c). Figure
5b displays the time series of hourly rainfall and hourly
temperature. As noted in the previous sentence, rainfall
(not precipitation) was rarely observed from December
to March because temperature during this period was
below 2 °C in many cases.
SWI in Fig. 5a increased towards the end of the snowmelt season, and the maximum SWI in the snowmelt
season (59 mm) appeared on April 12, 2006. The increase in SWI was in accordance with the occurrence of
snowmelt-driven landslide disasters (yellow dots in Fig.
5a). The maximum SWI in Fig. 5a is 110 mm on July 19,
2006, which does not exceed the maximum SWI in the
last 10 years (135 mm, green dashed line).
Figure 5c depicts the observed snow depth (blue line,
cm) and calculated snow water equivalent (orange line,
mm) from October 1, 2005 to September 30, 2006, at
AMeDAS Sekiyama (Fig. 2c). Note that these variables
are different; however, if snow does not exist, both are 0
(cm or mm). In the snowmelt season, the maximum
SWI (59 mm) on April 12 was larger than the maximum
of the past 10 years from 1995 to 2004 (57 mm, blue
dashed line in Fig. 5a). The yellow dots in Fig. 5a show
that the landslide disasters concentrated after March 17,
2006, when SWI shows relatively larger values in the
snowmelt season. Thus, predicting the occurrence of
snowmelt-driven landslides is possible by focusing on
the SWI in the snowmelt season alone.
Figure 5d displays the time series of snowmelt water
(Eq. 10) and the calculated runoff (sum of Eqs. 1, 2, and 3).
Also, both scales are different. As the season progressed to
the end of the snowmelt season, temperature was usually
larger than 0 °C (Fig. 5b) which increased the snowmelt
water (Eq. 10). The snowmelt water suddenly diminished to
0 mm/h (Fig. 5d) when snow disappeared (Fig. 5c). As for
the calculated runoff, it was relatively small value in
comparison with the increase of SWI (Fig. 5a). Rather,
larger runoff was observed in July and September when
heavy precipitation was observed (Fig. 5a and b).
One question arises when we look at Fig. 5. In comparison with SWI in summer, snowmelt-driven landslide
disasters occurred at a relatively smaller SWI (Fig. 5a).
The burden of accumulated snow might physically affect
the slope stability, and it may contribute to the occurrence of landslide disasters along with melting snow.
However, we refrained from examining the dynamics of
the snow movement because it is beyond the scope of
this study.
5.3 Application of modified SWI to meteorological data in
Tomsk

Based on the above results, we applied the modified
SWI to the meteorological data in Tomsk from January
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1999 to December 2010. We then investigated whether
the calculated SWI and runoff could predict snowmeltdriven flood and landslide disasters in Tomsk city
neighborhoods caused by sudden snow melting in the
spring of 2010 (Fig. 3).
Figure 6a displays the estimated hourly precipitation
(average of three-hourly precipitation) and SWI from
October 1, 2009 to September 30, 2010 at Tomsk. The
maximum SWI (69 mm) throughout the year in the past
10 years (1999–2008) is depicted as green dashed line,
while that in the snowmelt season (29 mm) is displayed
as blue dashed line. This figure shows that SWI on April
28, 2010 was the largest (32 mm), exceeding the maximum of the past 10 years in the snowmelt season. As
portrayed in Fig. 3, April 28–30, 2010 was the mature
stage of floods in that year. Around this time, landslides
also occurred around Tomsk.
Figure 6b is the time series of hourly rainfall and
hourly temperature. We found that from November to
March, temperature was mostly below 2 °C. Reflecting
this feature, rainfall was rarely observed from November
to March as is like the case of Sekiyama (Fig. 5b). In
contrast, snow began to accumulate from October (Fig.
6c). We also found that at the end of April, the snow
water equivalent rapidly decreased. This feature is in accordance with the observed snow depth. Snowmelt water
was also increasing from April to the beginning of May
(Fig. 6d).
On May 1, the snow disappeared, and in turn, the calculated runoff showed the peak although it was relatively
small value (Fig. 6d). It began to increase from April 26,
and the maximum continued from April 29 to May 1
which may partly contribute to the severe floods (Fig. 3).
The hydrological cycle in the snowmelt season was well
reproduced by the modified SWI in that the decrease in
the snow water equivalent was followed by the simultaneous increase in SWI, snowmelt water, and runoff.
Around the end of April, snowmelt-driven landslides
occurred around Tomsk. Landslides near Tomsk are
common along high and steep slopes of the Tom river
valley and valleys of its tributaries. During floods, when
the water level in rivers rises by several meters, the level
of groundwater in the coastal zone rises as a result of
backwater phenomena. The base of the slopes is weakening, the banks become less stable, and this is one of
the main causes of landslides on the slopes of river
valleys and, in particular, terraces. Melt and rainwater
make an additional, and sometimes the main contribution to the recharge of groundwater flowing out at the
base of the cliffs. Thus, landslides are usually caused due
to complex factors in Tomsk.
We must consider that Fig. 6 is the result of point
data, whereas the flood around Tomsk reflects the effect
of the upper reach. Although the spatial scale is different
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Fig. 6 Same as Fig. 5 but in Tomsk from October 1, 2009 to September 30, 2010. In a, the maximum SWI of the past 10 years (1999–2008)
throughout the year is 69 mm, while that for March–May is 29 mm

between Figs. 3 and 6, we think that local snowmelt also
contributed to the flood situation in Fig. 3. In Tomsk,
the snowmelt-driven flood and landslide disasters
occurred when SWI in spring 2010 exceeded the maximum value of the snowmelt season. Namely, predicting
the occurrence of snowmelt-driven flood and landslide
disasters is possible by focusing on the SWI in the snowmelt season alone.

6 Discussion
6.1 Relationship between snow depth and snow water
equivalent, and the principle of SWI

This study determined the snowmelt factor (mm⋅°C/day)
by trial and error to match observed and calculated

snow appearance/disappearance to implement snowfallaccumulation-snowmelt processes into the original SWI
(Figs. 5 and 6). Although both snow depth and snow
water equivalent have dimensions of length [m], they are
different variables. When snow depth and snow density
are given as [cm] and [g/cm3], respectively, the snow
water equivalent [mm] is calculated using Eq. (11):
Snow water equivalent ½mm ¼ snow depth ½cm ð11Þ
snow density ½g=cm3
10 ½cm→mm

If the snow depth is 0 cm, the snow water equivalent is
also 0 mm. Therefore, this study focused on the timing

Matsuyama et al. Progress in Earth and Planetary Science

(2021) 8:17

of snow appearance/disappearance because only snow
depth data can be used to validate SWI. Both Figs. 5 and
6 reproduce the timing of snow appearance/disappearance well; however, quantitative problems are involved
in the seasonal variations of snow depth and snow water
equivalent.
The snow density of newly fallen snow is usually 0.10–
0.15 g/cm3 and that of accumulated snow in spring is
0.5–0.6 g/cm3 (Yamazaki 1994). According to the data of
route snow surveys conducted by geographers of the
National Research Tomsk State University at Luchanovo
station, 20 km east of Tomsk, the snow density at the
end of March 2010 was 0.21 g/cm3 in the forested area
and up to 0.27 g/cm3 in the field (Petrov et al. 2013).
Figure 6c depicts the seasonal variation of the observed
snow depth and calculated snow water equivalent at
Tomsk from 2009 to 2010. From this figure, we found
that the snow depth was 100 cm at the end of March
2010, just before the beginning of snowmelt. Here, if we
assume a snow density of 0.24 g/cm3, the snow water
equivalent calculated by Eq. (10) was 240 mm. However,
the snow water equivalent displayed in Fig. 6c is only 70
mm. The seasonal variation of the snow water equivalent
is qualitatively well reproduced by the modified SWI;
however, it has quantitative uncertainties, as discussed
here.
In this regard, previous studies (Usutani et al. 2013;
Nakatsugawa et al. 2015; Miyazaki et al. 2017) used river
discharge data of the study area to validate snow water
equivalent investigating snowmelt-driven landslide
disasters using the tank model. Usutani et al. (2013)
optimized the parameters of the tank model for their
study area, so that, transferring the parameters to
other basins is difficult.
In principle, SWI can be calculated all over the world
with the three-layer tank model by including geologic
parameters involving an abundance of granite (Fig. 1,
Ishihara and Kobatake 1979). In Ishihara and Kobatake
(1979), the three-layer tank model has five kinds of parameters depending on the geologic types; that is, SWIs
of each type are different. However, the relative ranks of
SWI are consistent even when the parameters are changed (Okada et al. 2001). This is a merit of SWI, such
that even with quantitative problems involved in Figs. 5
and 6, we can predict snowmelt-driven landslide disasters by focusing on the ranks of SWI in the snowmelt
season.
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which was the final observation of that season. We
have already noted that the snowmelt factor was
determined by matching the appearance/disappearance of the observed snow depth and calculated
snow water equivalent; however, the observed snow
depth can encounter the aforementioned problem.
The snowmelt factor (0.7 mm⋅°C/day) estimated by
trial and error has quantitative uncertainties, as explained here.
In Tomsk, we used three-hourly meteorological data
from January 1999 to December 2010. Because the snow
depth data used for the validation has such problems, it
is important to measure snow depth from winter to
spring to accurately predict snowmelt-driven landslide
and flood disasters. It is especially important to capture
the snow disappearance date for the validation of the
present study.
6.3 Transferability of the snowmelt factor in Tomsk for
analyses of other years

After estimating the snowmelt factor in Tomsk (0.7
mm⋅°C/day), the next aspect to consider is its transferability for the analyses of other years.
Figure 7 shows seasonal variations of observed
snow depth and calculated snow water equivalent
from 1999 to 2000 (first years of the past 10 years
which SWI during 2009–2010 refers to) and those
from 2006 to 2007 (last years of the past 10 years
when observed snow depth is available) in Tomsk. In
these years, the appearance/disappearance of snow is
well simulated, although observation stopped at the
end of April. However, visual inspection of Fig. 7 enables the transferability of the snowmelt factor (0.7
mm⋅°C/day) estimated in 2009–2010 for the analyses
of other years.
Although figures were not included, we carried out
similar analyses from 2000 to 2006, apart from the years
of 1999–2000 and 2006–2007, and obtained satisfactory
results. We can set the snowmelt factor at Tomsk to 0.7
mm⋅°C/day regardless of the years. Additionally, the discussion in the previous section mentions the importance
of measuring snow depth and temperature in spring to
accurately predict snowmelt-driven landslide and flood
disasters.

7 Conclusions
The novel findings of this study are summarized as
follows:

6.2 Meteorological data for Tomsk

Meteorological data for Tomsk (RIHMI-WDC 2020)
presents some problems. As for snow depth, we cannot
determine the snow disappearance period in some years
in which April 2010 was involved (Fig. 6c). Figure 6c
shows that the snow depth was 39 cm on April 25, 2010,

1) We demonstrated how SWI changed if we
estimated hourly precipitation from the average
of three-hourly accumulated precipitation. We
selected the Sekiyama region in Niigata
Prefecture, Japan, which is characterized by
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Fig. 7 Same as Fig. 6c, but the snowmelt factor in 2009–2010 (0.7 mm⋅°C /day) was applied to the meteorological data of other years in Tomsk. a
1999–2000, b 2006–2007

frequent snowmelt-driven landslide disasters.
When we input the average of the three-hourly
accumulated precipitation to calculate SWI, the
result was almost identical to one when the
observed hourly precipitation was used for the
calculation.
2) We implemented snowfall-accumulationsnowmelt processes into the original SWI.
Around the Sekiyama region from October 2005
to September 2006, the modified SWI accurately
represented snowfall-accumulation-snowmelt
processes and predicted the occurrences of
landslide disasters in snowy regions in the
snowmelt season (March–May).
3) We applied the modified SWI to meteorological
data in Tomsk to evaluate the validity of the
calculation in the spring of 2010 when severe
snowmelt-driven flood and landslide disasters
occurred. SWI and calculated runoff accurately
captured the timing of snowmelt-driven flood
and landslide disasters in spring 2010. We also
demonstrated that by focusing on the maximum
value of SWI in the snowmelt season for the past
10 years, we can predict snowmelt-driven
landslide disasters.

Furthermore, we discussed the quantitative relationship between snow depth and snow water equivalent,
the merit of SWI, the problems involved in the meteorological data in Tomsk, and the transferability of snowmelt factor in Tomsk for the analyses of other years.
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