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2.2 Measurement of Outflow from Bottom of Snowpack
Thermal energy absorbed by the snowpack by insolation, 
temperature rise or rainfall causes melting on the snowpack 
surface.  The snowmelt water penetrates downward in the snow 
layer due to diffusion, infiltration or gravity, and some of this 
water refreezes in the snow layer because it loses heat to the 
surrounding snow and ice during such downward transfer.   
The remaining snowmelt water that does not refreeze and 
reaches the bottom of the snow layer is supplied to the border 
between the snowpack and the ground surface as outflow from 
the bottom of the snowpack.  Fig. 2 is a pattern diagram that 
briefly illustrates the mechanism.  Outflow from the bottom of 
the snowpack (sum of R’m and R’r) can be regarded to be the  
total volume of the water passing through the snow layer.

Among the measurements shown in Fig. 1, observation 
devices that can directly measure the outflow from the bottom 
of the snowpack from the snow layer to the ground surface are 
snowpack weighing devices, snowmelt lysimeters (devices that 
collect and measure water) and soil moisture sensors.  Under  
the condition where Ain = Aout and E = 0 are both assumed,  
the output values of those devices can be used as measurement 
values.

At the same time, we carry out profile measurement of  
the snow layer about four times in the snow cover period  
(Fig. 1).  In that measurement, we manually measure total water 
volume of snow from the snowpack surface to the ground 
surface by sampling with a long cylindrically shaped snowpack 
water weight sampler.  The total snowmelt volume should 
be supplied to the ground surface as snowmelt water in the  
one- or two-month snowmelt period thereafter.  However,  
in observation in the winter of 2008/09, the total snowmelt 
volume measured with the snowmelt lysimeter differed from the 
total water weight measured with the snowpack water weight 
sampler.  As E = 0 can be assumed as noted above without 
problems in the crosscheck with the weather observation data, 
we presumed that there is a situation where Ain = Aout is not true.

In the snowmelt period, snowmelt water due to temperature 
rise, insolation or rainfall sometimes induces slope disasters.  As 
examples of landslides involving snow on slopes, we can cite 
a slope failure along a railway line in Fukushima Prefecture in 
March 2001 and a wayside rockfall in Nagano Prefecture in 
March 2003.

Snowmelt often occurs in fair weather or in rising 
temperatures.  But the Japan Meteorological Agency (JMA) 
provides snow warning information only per day, not providing 
shorter interval information required for train operation.  Hourly  
quantitative evaluation of the volume of snowmelt from snowpack 
or due to rainfall is generally considered to be difficult.

Thus, in this research, we made observations of weather and 
terrestrial phenomena related to snowpack and snowmelt at the 
observation site set up near Oshirakawa Station on the Tadami 
Line.  Based on the measurement data there, we developed 
a method of estimating the volume of snowmelt water that 
infiltrates the ground from the snow layer.  Aiming to apply the 
method to railway business, we developed models that enable 
estimation analysis in time units of from ten minutes to one  
hour.  Also, we developed an observation device that is simple 
and durable enough to allow wayside observation.  This article 
will report on those developments based on observation results 
up to the winter of 2009/10.

Observation of Snowpack and 
Snowmelt2

2.1 Location and Overview of the Observation
We set up an observation site at Oshirakawa in Uonuma, 
Niigata Prefecture (approx. 350 m altitude), and we have 
performed observations there since December 2005.  To obtain 
observation data on snowpack and snowmelt, we make automatic  
observation and measurement of weather, in-snow status and 
terrestrial phenomena, and we survey profiles of the snow  
layer.
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To secure safe train operation against slope failure in the snowmelt period, we are performing development of a method of  
estimating the volume of snowmelt from snowpack.  Based on observations near Oshirakawa Station on the Tadami Line, we 
attempted time-series estimation of the volume of snowmelt from snowpack in different theoretical approaches and developed four 
estimation models.  Estimate error in relation to measurement values was a root-mean-square error (RMSE) of 0.66 mm/h in a 
physical model and RMSE of 0.173 mm/10 min. in a statistical model.  That means around a 10% error in the model estimation at 
the daytime snowmelt intensity of 4–6 mm/h observed at the period of greatest snowfall.
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2.3 Development of a Simple Sensor to Measure Amount of 
Heat

Snowmelt is a phenomenon that is caused by the heat by insolation 
or rainfall.  The amount of heat which causes snowmelt can  
be calculated in the heat balance formula that provides the heat 
of melting from the heat balance on the snowpack surface.

QM = QR + QH + QL + QP + QC          · · · (1)

where QM is heat of melting, QR is net radiation, QH is transmitted 
sensible heat, QL is transmitted latent heat,  QP is heat transmitted 
from rainfall and QC is heat transmitted in snow.

This method of estimating snowmelt volume using the heat 
balance formula has traditionally been applied in the field of 
glaciology.  However, the estimation has the problem in terms 
of practical use that it requires inputting many weather factors  
as measurement values.

Thus, we developed a simple sensor that can represent both 
insolation and temperature in a single output value.  This sensor is 
called a snowmelt heat calorimetric thermometer, and it has as its 
sensing part a platinum resistance temperature detector (Pt100) 
that is a multi-purpose sensor for temperature measurement.  It 
undergoes processing such as attaching a glass tube cover and 
coating the inside of the glass tube and the Pt100 sensing part2).  
Coating allows variation in heat absorption and attaching a 
cover prevents heat loss from the external environment (wind, 
evaporation of adhered rain drops), and those were tested in 
different combinations.  We developed a prototype and carried 
out test measurements with that in the winter of 2008/09, 
confirming a good correlation to the amount of heat of snowmelt 
obtained with a net radiometer that has been traditionally used 
in research (Fig. 4).

In the winter of 2009/10, we made an improved prototype  
of a snowmelt heat calorimetric thermometer that underwent 
fewer kinds of processing, limited to only the sensing part  
to enable more effective snowmelt estimation (Fig. 5).  The 
snowmelt heat calorimetric thermometer with a glass tube  
cover is called the snowmelt heat calorimetric thermometer 
(transparent), and the snowmelt heat calorimetric thermometer 
with the Pt100 sensing part coated in black and a glass tube  
cover is called the snowmelt heat calorimetric thermometer 
(black).  We applied the values measured with those as the input 
values for estimation analysis of snowmelt water volume.

We presumed that the discrepancy in the 2008/09 winter 
observations was caused due to inappropriate collection of 
snowmelt water (Ain < Aout).  Specifically, since the basin directly 
under the water-receiving container of the snowmelt lysimeter 
forms a cavity, the snowmelt water from the snow layer directly 
above the water-receiving container did not run off vertically.  
Instead, due to phenomena such as capillary suction, more 
snowmelt water than the amount water collected ran off into  
the snow layer around the water-receiving container or to the 
ground surface as unsaturated flow.  Particularly in the period 
from initial snowmelt when the snowpack was unsaturated 
through the start of gravity drainage to the peak of snowmelt, 
around a half of the snowmelt water was thought to have not 
been collected.

Based on this presumption of the cause, we tested a method 
of enclosing the area to be observed with a waterproof sheet 
in the 2009/10 winter observations, as shown in Fig. 3.  That 
theoretically allows the condition Ain = Aout to be fulfilled as an 
enclosed lysimeter1).  In fact, the output value of the snowmelt 
lysimeter measurement in the 2009/10 winter observation after 
the enclosing test proved that the loss was remarkably reduced, 
so we decided to apply that output value as the measurement 
value.

(Ain=Aout)Ain Aout
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Fig. 1  Observation at the Oshirakawa Observation Site

Fig. 4  Comparison between Amount of Snowmelt Heat and 
Snowmelt Calorimetric Thermometer (Black) Measurement Value

Fig. 2  Balance of Liquid Water 
in Snow Layer

Fig. 3  Enclosed-type 
Snowmelt Lysimeter
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3.1.3 Snowmelt Heat Calorimetric Thermometer Model
Applying the formula proposed by Konya et al.4) adopted for 
the RT model, we set the estimation formula for the snowmelt 
heat calorimetric thermometer model as a quadratic polynomial 
using the measurement values of the snowmelt heat calorimetric 
thermometer in 2.3 as the input values.

M = a’xb
2 + b’xb + c’          · · · (3)

where xb is the measurement output value of snowmelt 
heat calorimetric thermometer (black, °C) and a’, b’, c’ are 
coefficients.

Applying multiple linear regression analysis to M’ as in 3.1.2, 
we obtained a’ = 0.231, b’ = 7.0 and c’ = -14.3.

3.1.4 Snow Layer Penetration Model Step
For the model step where snowmelt water on the snow layer 
surface and rainfall water passing through the snow layer become 
outflow from the bottom of the snowpack, we adopted the 
exponential storage function proposed by Nakatsugawa et al.5)  
Obtaining the surface snowmelt volume in the RT model or the 
snowmelt heat calorimetric thermometer model, we can apply  
the snow layer penetration model step using the exponential 
storage function to deliver the volume of outflow from the 
bottom of the snowpack (R) that flows out from the bottom 
through the snow layer.

R = m’S3                              · · · (4)
dS/dt = (M + P ) − R          · · · (5)

where R is volume of outflow from the bottom of snowpack (mm),  
P is rainfall volume (mm), S is retention volume (mm), M is 
volume of surface snowmelt (mm) and m’ is coefficient .

Applying the multiple linear regression analysis to the 
measurement values, we obtained the coefficient m’ = 2.0 × 10-4.

3.2 Statistical Models Based on the Measurement Data
3.2.1 Composition of the Models
The statistical models using measurement values of melting 
of the snowpack consist of three calculation steps.  Those are 
“calculation of surface snowmelt volume” that estimates the 
snowmelt volume on the snowpack surface due to external 
environment temperature, “calculation of snow layer penetration 
volume” that indicates the volume of the surface snowmelt water 
infiltrating through the snow layer to the bottom, and “delay 
processing” that represents the time required for such water 
infiltration to the bottom as the delay time.

We chose measurement data items strongly related to outflow 
from the bottom of the snowpack among those output by each 
observation device, and we determined an estimation formula for 
each calculation step using output values of the thermometer, rain 
gauge, snowmelt heat calorimetric thermometers (transparent 
and black) and snow depth meter as explaining variables.

At the calculation of surface snowmelt volume step, 
we developed two models.  Those are the statistical model 
(transparent) that uses the output of the snowmelt heat 

Estimation of Volume of Outflow from 
Bottom of Snowpack3

Using two physical and two statistical method estimation 
models, we estimated the volume of outflow from the bottom 
of the snowpack.

3.1 Physical Models Based on the Heat Balance Formula
3.1.1 Composition of the Models
As the estimation method based on physical theory of heat 
balance in snowpack melting, we built estimation models in 
two model steps.  Those are a surface melting model step to 
estimate snowmelt volume by the heat flowing in from the 
external environment on the snowpack surface, and a snow  
layer penetration model step that expresses the surface snowmelt 
water reaching the bottom of the snowpack (ground surface) 
through the snow layer3).

As the surface melting model step, we developed two models.  
One is the Temperature & Radiation Index model (RT model) 
that requires temperature and insolation values as the input values, 
and the other is the snowmelt heat calorimetric thermometer 
model that substitutes the output values of the snowmelt heat 
calorimetric thermometer (black) introduced in 2.3 above for  
the amount of radiation.

This model is shared in the following snow layer penetration 
model step.

3.1.2 RT Model
For the RT model using temperature and amount of radiation 
as the input values, we adopted the formula proposed by Konya 
et al.4) as the heat balance formula.  Volume of snowmelt on the 
surface (M) by the snowmelt heat (QM) is calculated as follows 
from temperature (T, °C) and amount of global solar radiation 
(K, W cm-2), as follows.

M = aT + bK + c          · · · (2)

Using the measurement data, we figured out the snowmelt 
volume (M’ ) that is the amount of snowmelt heat (QM) in the  
formula (1) divided by the amount of latent heat of melting 
(l, 0.334 × 106 Jkg-1), and we applied multiple linear regression 
analysis to M’.  In this way, we obtained the values a = 0.3843,  
b = 10.037 and c = -26.427.

Snowmelt heat 
calorimetric 
thermometer 
(black)

Fig. 5  Prototype of Snowmelt Heat Calorimetric Thermometer
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3.2.4 Delay Processing
The time (time lag) required for snowmelt water to reach the 
bottom through the snow layer depends heavily on the depth 
of and the level of saturation in the snowpack.  In estimating 
snowmelt volume for railway operation, it is preferable to 
estimate the volume per minute in the daytime when the 
snowpack receives heat by insolation and temperature rise.  We 
must therefore estimate time-series information taking into 
account the time lag between the onset of surface snowmelt and 
outflow from the bottom of the snowpack.

As the method of processing the time lag as delay time, we 
here decided to use the time interval of estimating snowmelt 
volume as a unit and to calculate the number of time steps of 
processing as delay processing.  So, the estimation formula to 
figure out the delay time is as follows.

Nd = k2D
n2          · · · (8)

where Nd is number of delays, D is depth of snowpack (mm)  
and k2 and n2 are coefficients.

We considered the number of delays as the number of time 
steps in analysis.  So, for example, when performing estimation 
analysis every ten minutes, the delay time is Nd × 10 minutes.  
This means that the volume of the penetrating snowmelt water 
(RP) obtained in formula (7) is supplied to the ground surface as 
the outflow from the bottom of snowpack after Nd × 10 minutes.  
Parameter estimation for the observation data demonstrated that 
the coefficients are k2 = 1.05 × 10-3 and n2 = 1.3, the same for the 
measurement values measured with either of the snowmelt heat 
calorimetric thermometers (transparent, black).

Results and Consideration of 
Estimation Analysis4

Applying the developed estimation models as explained in 
section 3, we performed estimation analysis of the volume of  
the outflow from the bottom of snowpack in the snowmelt 
period at the observation site.  Fig. 6 shows estimations with the 
RT model and measurement values with the snowmelt lysimeter.  
As the measurement values with the snowmelt lysimeter were 
judged correct, Fig. 6 shows the accuracy of estimation.

In Fig. 6, the measurement values with the snowmelt  
lysimeter are converted into values per hour because estimation 
analysis was performed per hour in the RT model.  As a result, 
we found a tendency where the timing of the outflow from the 
bottom of snowpack in the RT model and in the observation 
with the snowmelt lysimeter relatively matched each other in the 
time-series wave shape.  The RMSE with the measurement values  
in the RT model is 0.66 mm/h, showing that the estimation error 
is around 10% in relation to the 4–6 mm/h snowmelt intensity 
at the peak of snowmelt (later half of April) .

On the other hand, since the statistical models estimate at 
every output interval of observation data, the estimation value is 
calculated here every ten minutes.  The RMSE in the statistical 
model (transparent) is 0.1737 mm/10min., and that in the 
statistical model (black) is 0.1730 mm/10 min.

Applying the estimation models as is based on the  

calorimetric thermometer (transparent) as the input values 
and the statistical model (black) that uses the output of the 
snowmelt heat calorimetric thermometers (black).  At the second 
calculation step of calculation of snow layer penetration volume,  
the coefficients of the estimation formulas vary by the model  
used at step one, calculation of surface snowmelt volume.   
At the final calculation step of delay processing, the estimation 
formula is common.

3.2.2 Calculation of Surface Snowmelt Volume
Based on the line shape with the explaining variables of 
temperature, rainfall and snowmelt heat temperature (transparent 
and black), we assumed that the estimation formula should be 
a polynomial up to the cubic and determined the estimation 
formula by performing curve fitting.  We found that the 
estimation formula to calculate surface snowmelt volume is the 
following quadratic polynomial.

RM = a1x2 + b1x + c1          · · · (6)

where RM is surface snowmelt volume (mm), x is snowmelt 
heat calorimetric thermometer measurement value (x = xt for 
transparent, x = xb for black) and a1, b1, and c1 are coefficients.

From the measurement data, we estimated parameters of 
the three coefficients.  When using the measurement values 
of the snowmelt heat calorimetric thermometer (black) as the 
input values, a1 = 4.0 × 10-4, b1 = 0.013 and c1 = 0.06.  When 
using the measurement values of the snowmelt heat calorimetric 
thermometer (transparent) as the input values, a1 = 4.0 × 10-4,  
b1 = 0.014 and c1 = 0.05.

3.2.3 Calculation of Snow Layer Penetration Volume
Snowmelt water that generates on the snowpack surface due to 
melting on the surface or rainfall penetrates and flows down 
through the snow layer.  In this case, the balance between 
the volume of the penetrating snowmelt water, the volume of 
snowpack (depth) or the level of unsaturation in the snowpack 
determines whether the snowmelt water reaches the bottom 
of or remains in the snowpack.  Thus, when snowmelt water 
and rainfall are supplied, the volume of the snowmelt water 
that penetrates through the snow layer can be estimated in the 
following exponential function.

RP = (RM + Rr) (1−k1D
n1)          · · · (7)

where RP is volume of the snowmelt water penetrating through 
the snow layer (mm), RM is surface snowmelt volume (mm), Rr is 
rainfall (mm), D is depth of snowpack (mm) and k1 and n1 are 
coefficients.

As done in 3.2.2, we figured out two coefficients from the 
measurement data.  When using the measurement values of the 
snowmelt heat calorimetric thermometer (black) to calculate RM, 
k1 = 1.4 × 10-5 and n1 = 1.4.  From the measurement values of 
the snowmelt heat calorimetric thermometer (transparent) to 
calculate RM, k1 = 1.2 × 10-5 and n1 = 1.4.
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RT model

Snowmelt heat calorimetric thermometer model

Statistical analysis model (transparent)

Statistical analysis model (black)

measurement data at the observation site, we performed 
estimation analysis with the data measured at the station near 
the observation site.  Fig. 7 indicates the respective estimated 
snowmelt volumes in the four models.  As the observation 
interval at the station was ten minutes, conversion was made for 
the RT model and the snowmelt heat calorimetric thermometer 
model that delivered estimation coefficients per hour.  Looking 
at the volumes of the outflow from the bottom of snowpack 
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Fig. 7  Comparison of Snowmelt Volume Estimation by Four 
Estimation Models (April 9 to May 4, 2010)

Fig. 6  Comparison Between Values Measured with Lysimeter 
and Values Estimated in RT Model (April 9 to May 4, 2010)

obtained in the four estimation models, we found that the 
RT model delivered the smallest value, the snowmelt heat 
calorimetric thermometer model the next smallest, and the 
statistical models (transparent) and (black) the third smallest 
and largest respectively.  Those include the accuracy difference in 
heat measurement to the theoretical solution of the heat balance 
formula in regard to observation devices used, conforming with 
the order of accuracy of the estimation models.

Future Development5

We developed four snowmelt volume estimation models based 
on observation data, identified the system by optimizing the 
parameters based on the measurement data in the winter of 
2009/10, and finally proposed estimation formulas for each 
estimation model.  We confirmed that estimation accuracy 
error is around 10%, so next we will evaluate the accuracy 
and study the consistency of the estimation method based on 
the measurement data in the winter of 2010/11.  We will also 
perform field tests whereby we will monitor snowmelt volume 
using the observation devices set along the commercial line on 
trial to evaluate these four estimation models and the method  
to put those into practical use for railway business.


