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Abstract

Early spring snowmelt in snowy and cold regions has a significant impact on
flood control during the snowmelt season and on water resource management throughout
the year. However, it is difficult to understand the snowmelt phenomenon itself, which is
caused by the ever-changing weather conditions outside the snowpack and the snow
quality transformation inside the snowpack. Estimating the spatial distribution of snow
water equivalent (hereafter referred to as SWE) as basic information on snowmelt in
mountainous areas remains one of the unsolved problems in snow hydrology. In order to
challenge resolving this problem, this doctoral thesis aims to show the spatial distribution
of snowmelt volume and its temporal variation in the Jozankei Dam and Hoheikyo Dam
basins, by collecting as many observational data as possible and performing snowpack
simulation.

In the first half of Chapter 3, the snowpack transformation model SNOWPACK
was verified at a station located in the driftwood disposal facility of the Jozankei Dam
(hereafter referred to as J-Site 1). We collected continuous meteorological data with an
hourly interval, intermittent snow pit observations, and other by manual measurements.
These observations have been conducted from the winter of 2005 to the spring of 2018.
We then validated the SNOWPACK during the eight winter seasons, when sufficient
observation data were available. The results showed that the SNOWPACK reproduced
the observed data well in terms of snow depth, snow quality, and SWE when forced by
Radar/Rain Gauge-Analyzed (R/A) Precipitation data.

In the latter half of Chapter 3, the SNOWPACK simulation was extended to the

entire Jozankei dam basin, and the distribution of the snowmelt environment was mapped
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to show seasonal changes within the basin during the snowmelt season. The results
showed that the snowmelt rate increased: the average is about 10% on March 31, 42% on
April 15, and 83% on April 30. This rapid snowmelt in April can be explained by the
increase in the basin mean temperature from —5°C to 2°C. However, on April 30, the
minimum snowmelt rate was still 45% at the upstream sites, and more than half of the
snowmelt volume was still maintained at some sites. The accumulated snowpack layer
was completely covered with melt form in May, but there was a long period of snow cover
in the upper reaches during April, indicating that the snow melted unevenly in the
watershed from March to May.

To further investigate the non-uniformity of the snowmelt rate within the
watershed, we compared the average timing of snowmelt over eight winters at the site at
the downstreammost point of the Jozankei Dam basin (J-Site 2), the midstream site of J-
Site 1, and the Haruka-yama rainfall station in the upstream (J-Site 3). The results showed
that there was a 27-day difference in snowmelt dates between J-Site 2 and J-Site 3. The
timing of the maximum inflow at Jozankei Dam in the eight-winter average was within
the range of 36 to 40 days after the cumulative melt form rate reached 50%. This indicates
that the accumulated melt form ratio is a new indicator for predicting the timing of
snowmelt inflow into dams.

A similar validation was conducted in the Hoheikyo Dam basin, by continuous
snow observations at the Hoheikyo Dam site (hereafter referred to as H-Site 1). As a
result, it was found that the observed values of snow depth, snow quality, and snow
equivalent water volume were also reproduced at H-Site 1 by using R/A precipitation as
the input value of precipitation. However, when deployed to the basin, we could not

achieve the verification because the observation in the basin was done only for snow
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depth once in one winter. Therefore, reliable and continuous snow depth observations at
multiple points are required for an accurate estimate of snowmelt in the Hoheikyo Dam
basin.

Finally, we discussed the remaining issues to be addressed in evaluating the
snowmelt environment in mountainous areas. As the consequence of this dissertation, the
accuracy of the input precipitation is most critical. For example, the snow depth was often
underestimated even with R/A Precipitation. The representativeness of the snow depth
should be also considered in snowmelt, and higher resolution snow depth observations

are desired for a more accurate estimate of snowmelt.
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Chapter 1. Introduction

Snow is the most important water resource in the regions where a lot of snow
falls in the cold season. Snow accumulated in the catchment areas melts during spring
and summer and supplies river water and groundwater. The snowmelt water is often of
high quality and is used as domestic, agricultural and industrial water by human activities
in the downstream. Estimates of water resource recharge from snow in mountainous areas
are therefore important in terms of water use and flood control. Generally, due to the
nonuniform distribution of precipitation and temperature, the distribution of snowfall and
melting is nonuniform throughout the basin, making it difficult to represent them in a
certain area accurately. Additionally, the rate of melting is greatly dependent on the
metamorphism within the snowpack (Kojima 1967). However, because, in severely cold
winter, frequent meteorological observations and snow-pit surveys are rarely conducted,
we could not accurately understand the distribution of snowfall and snowmelt. Therefore,
estimating the spatial distribution of SWE, which is considered fundamental information
for snowmelt in mountainous areas, remains one of the unveiled problems in snow
hydrology (Dozier et al. 2016).

One of the possible ways to estimate mountainous snow melting in real-time is
remote sensing. Synthetic Aperture Radar can observe the snow cover area without the
influence of clouds, which offers a hint for the spatial distribution of snowmelt in the
basin (Fatima et al. 2021). The observed snow disappearance date estimated from satellite
observations and melting calculations reconstructed daily SWE with 500 m horizontal
resolution back to the maximum accumulation date (Slater et al. 2009). Although, as

above, remote sensing may effectively estimate snow cover over the mountainous
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catchment areas, it cannot observe the snow conditions inside the snowpack. Therefore,
by remote sensing solely, we cannot provide an accurate snowmelt potential and its
temporal variation in the map of catchment areas.

Another possible way to mitigate the problem is snowmelt modeling that
accurately computes snow properties, at least SWE, with some optimal parameters (Fayad
et al. 2017). There are four types of snowmelt model: statistical runoff model for
snowmelt water (Stewart et al. 2005), degree-day model (Null et al. 2010), energy balance
model (Herrero et. al. 2009; Sensoy et al. 2006; Mernild et al. 2016), and multi-layer
snowpack model (Bartelt and Lehning 2002; Brun et al. 1992; Jordan 1991; Niwano et al.
2012). The obstacles to modeling approaches are obtaining meteorological data of the
required resolution and validating the models. The former problem mainly stems from
precipitation observations during the severe winter in mountainous areas, where gauge
measurements largely miss snowfall in windy environments (Buisan et al. 2016; Smith et
al. 2016; Pan et al. 2016), with errors ranging from 20% to 50% (Rasmussen et al. 2012).
The missing rate depends on not only wind speed but snowflake characteristics (Thériault
et al. 2012) and turbulence around the instrument (Colli et al. 2015). Moreover, for a
continuous observation, the regular maintenance of observation equipment is necessary.
However, in mountainous regions, it is extremely difficult to find accessible sites suitable
to the observation. The use of meteorological radar data can mitigate the problem, but it
often suffers from the shadow of clouds and mountains in the scanning range. The latter
problem is attributed to the difficulty of snow observation in the mountainous region.
Some simpler approaches tried to make a statistical relation to diagnose SWE from
temperature, precipitation, radiation, and other terrain factors (Elder et al. 1998; Molotch

and Meromy 2014). However, as a special campaign offers snow data in a few seasons,
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the statistical model cannot be used for general use due to the missing of interannual
variability (Fayad et al. 2017). On the other hand, the validation of the snowpack model
needs at least snow depth or SWE observations. Despite that multiple sampling within
O(10-m) area ensures the representativeness of snow observation at a single site (Rice
and Bales 2010; Lopez-Moreno et al. 2011, Watson et al. 2006; Jost et al. 2007), the
spatial distribution of snow depth or SWE for a broader catchment area is hardly captured
(Bales et al. 2006; Gottardi et al. 2012; Raleigh et al. 2016). Moreover, another snow
properties like snow type are much more difficult to do because of labor in snow-pit
observation.

Reviewing the difficulty in the snow and rainfall observation in the mountainous
catchment areas, we emphasized the importance of continuous observations to validate
snow model and accurate, high-resolution precipitation observation that force the snow
model. This is because, if a snowpack model and input meteorological data were validated
by as much observation as possible, the snow melting distribution could be mapped in the
basin. The map would be helpful to estimate the temporal variation of snow melting water
into the dam and downstream. This kind of observations has been performed for the dam
control and river administration, just behind the dense-populated residential area. The
dam and river basin behind Sapporo City, with the most populated city under the snowy
climate in the world is one of the good examples. Moreover, there are many experiences
that a snowpack model is applied to Hokkaido region (Katsuyama et al. 2017; Katsuyama
et al. 2020). However, there are no researches using long-term observational data to show
the temporal variation of snowmelt distribution in the dam basin. This motivated us to
make a detailed map of snowmelt with a moderate number of continuous data that can be

collected, which has not been attempted yet.
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This study aims to map the timing and amount of snowmelt in the basin of
Jozankei and Hoheikyo Dams (Fig. 2-1), which undertakes a reservoir role for Sapporo
City. The basin was hence paid attention to hydrological researchers by estimating the
snowmelt from the heat balance and the dam inflow by a runoff model (Usutani et al.
2007; Nishihara et al. 2014) and contributed to daily dam inflow forecast (Usutani and
Nakatsugawa 2008), though their analyses unveiled the snow type distribution and the
explicit time evolution. With an aid of radar/gauge precipitation observation, we perform
the snowpack simulation for each grid point in the dam basin. We extensively validate a
snowpack model and input precipitation for 8-winter seasons by all available observation
data. This enabled us to map a basin distribution of snowmelt, which contains snow types
with some caution on a usage limitation.

This dissertation is organized as follows: Chapter 2 contained the detailed
description of observed data and snowpack model. We mainly documented the results
based on the analysis for the Jozankei Dam basin in Chapter 3 and then checked the
method applicability and the result generality by the analysis for the Hoheikyo Dam basin
in Chapter 4. Chapter 5 made discussions related to the results. Chapter 6 concluded the

dissertation.
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Chapter 2. Data and Method

2.1. Observation Data within the Jozankei Dam basin

J-Site 1 is located at 43.0313°N, 141.1286°E aside of the driftwood disposal
facility of the Jozankei Dam (yellow star in Figs. 2-1b, 2-2a). Meteorological and snow
observations have been operated by Civil Engineering Research Institute for Cold Region
(CERI) during the winter seasons. It provided wind speed by an anemometer at 6.5 m
height, temperature, and relative humidity by a thermo-hygrometer at 3.0 m height, snow

depth by a lightwave sensor, incoming shortwave and longwave radiations by a

*s/ |
‘ /A — 43.2°F
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[ l I == [
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Figure 2-1: (a) Map of the study area and (b) a zoom-in map. Sapporo City area is
shaded. The Jozankei and Hoheikyo dam basins are enclosed by blue line. White
circles denote dam point. Star marks and red circles are observation points within

the basin.
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radiometer, SWE by snow weight gauge?, and precipitation by an automated rain gauge

with a minimum amount of 0.5 mm. The precipitation data can be corrected to compensate

for insufficient capture by the wind data (Yokoyama et al. 2003). We used the hourly

dataset for 8-winter seasons from 2010/11 to 2017/18. We moreover used the snow-pit

observation data, in which the snow grain type was manually determined through the

snowpack layers at selected dates.

J-Site 2 (42.985°N, 141.1542°E) serving as the terminal point of Jozankei Dam

(white circle in Figs. 2-1b, 2-2a) has been operated by Ministry of Land, Infrastructure,

Transport and Tourism (MLIT). We used annual precipitation data based on an automated
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Figure 2-2: Elevation maps (1km-mesh) of the (a) Jozankei and (b) Hoheikyo dam

basins. The open circles are dam sites. Star marks and red circles are the observation

1 Its improper installment resulted in a systematic error caused by the horizontal influx.
When compared to the intermittent snow sampler observations from 2008/09 to 2015/16,
it was found that the gauge data should be multiplied by 0.806 for correction. We utilized

the corrected value in this study.
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rain gauge observation. We also used the inflow data into the Dam (Fig. 2-3a). J-Sites 3
to 10 (red circles in Figs. 2-1b, 2-2a) have been operated by MLIT. The snow depth was
measured by a snow depth gauge. J-Site 11 (red circle in Figs. 2-1b, 2-2a) is snow depth
data at the highest point in the Jozankei dam basin. This was observed by the managers
of Sapporo Kokusai Ski Resort, and we received their cooperation in providing us with
the original data. The location information of the observation points and the observation

items are detailed in Table 2-1.
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Figure 2-3: Monthly inflow height of (a) Jozankei and (b) Hoheikyo Dams from
September 2010 to August 2018. Gray lines denote the data each year and the black line

is the average over the periods. Data from September 2015 to August 2016 were missed

for (b).
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Table 2-1: Location information and observation items of observation points within

the (a) Jozankei and (b) Hoheikyo Dam basins.

(a) Observation points within the Jozankei Dam basin

2.2. Observation Data within the Hoheikyo Dam basin

SiteNo. Obsercation item Location name Latitude |Longitude |Altitude (m)
J-Sitel ";’(')’};iom'ogica' and Snow-pit OBSErVation | it vood disposal facility of the Jozankei Dam | 43.0813°N|  141.1286°E 397
J-Site2 |Hydrological observation points Jozankei Dam 42.9850°N| 141.1542°E 390
J-Site3  |Snow depth observation point Mt. Haruka course Nol 43.0958°N| 141.1108°E 550
J-Site4  |Snow depth observation point Mt. Haruka course No2 43.1087°N| 141.1012°E 680
J-Site5 |Snow depth observation point Mt. Haruka course No3 43.1021°N| 141.1083°E 710
J-Site6 |Snow depth observation point Mt. Haruka course No4 43.1109°N| 141.1052°E 850
J-Site7 |Snow depth observation point Mt. Shirai course Nol 43.0738°N| 141.1026°E 530
J-Site8 |Snow depth observation point Mt. Shirai course No2 43.0728°N| 141.0991°E 560
J-Site9 |Snow depth observation point Mt. Shirai course No3 43.0715°N| 141.0954°E 600
J-Site10 |Snow depth observation point Mt.Shirai course No4 43.0687°N| 141.0912°E 700
J-Sitell |Snow depth observation point The summit of Sapporo Kokusai Ski Resort 43.0691°N| 141.0587°E 1087
(b) Observation points within the Hoheikyo Dam basin
SiteNo. Obsercation item Location name Latitude |Longitude |Altitude (m)
H-Sitel m;éerg[g;?g;fﬂbi?s:‘t’lg: sg:i . Hoheikyo Dam 42.9157°N| 141.1556°E 509
H-Site2 |Snow depth observation point Soranuma swamp course Nol 42.8658°N| 141.2024°E 700
H-Site3 [Snow depth observation point Soranuma swamp course No2 42.8619°N| 141.2072°E 750
H-Site4 |Snow depth observation point Soranuma swamp course No3 42.8575°N| 141.2066°E 850
H-Site5 |Snow depth observation point Soranuma swamp course No4 42.8560°N| 141.2074°E 900
H-Site6 |Snow depth observation point Near National Highway 42.8856°N| 141.1422°E 850

H-Site 1 (42.985°N, 141.1542°E) serving as the terminal point of Hoheikyo Dam

(white circle and yellow star in Figs. 2-1b, 2-2b) has been operated by MLIT and CERI.

We used annual precipitation data based on an automated rain gauge observation. We also

used the inflow data into the Dam (Fig. 2-3b).

Meteorological and snow observations in H-Site 1 have been operated by CERI

during the winter seasons same as J-Site 1. It is noted that precipitation by an automated

rain gauge, temperature, and relative humidity was not installed in this site. For these data,

we used the data measured by the Hoheikyo Dam Management Office of MLIT. H-Sites
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2 to 6 have been operated by MLIT. Snow surveys are conducted in these observation

points about once a year in March, almost corresponding to the snow melting season.

2.3. Radar/Rain Gauge-Analyzed Precipitation

The precipitation data covering the entire river basin were obtained from the
Radar/Rain Gauge-Analyzed Precipitation (R/A) dataset, in which the C-band radar data
by the Japan Meteorological Agency (JMA) and MLIT were combined with the rain
gauge data obtained by the JMA and others. The R/A data were provided as hourly
accumulation at 1-km horizontal resolution. In this way, the R/A precipitation is more
suitable to comprehensively understand the basin rainfall than the rain gauge data with
low observation density.

On the other hand, R/A precipitation still needs improvement to measure
snowfall in winter. Ito et al. (2020) examined the accuracy of the R/A precipitation
through water balance analysis in the Tedori River basin. They found that if the basin
evapotranspiration and basin runoff are correct, the annual water balance difference is
about 607 mm (a difference ratio of —17.2% against the basin area rainfall), indicating
that the basin area rainfall estimated by the analyzed rainfall was underestimated.
However, in late June to mid-October, when snowfall, snow accumulation, and snowmelt
are less influenced, the balance difference was about 49 mm (4.7%), showing high
estimation accuracy. From this, they concluded that the analyzed rainfall can accurately

estimate the basin area rainfall excluding winter.
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2.4. Water Balance Method and Evapotranspiration Data

Accurate input of snowfall is essential for estimating snowmelt. However, due
to measurement errors in observed snowfall and the sparse distribution of observation
points, the accuracy of the input precipitation is confirmed from the water balance of the
entire watershed. In general, water balance is equal to the total annual precipitation
combined with the total runoff and evapotranspiration. Since the inflow (m3/s) is
measured every hour at the dam site, this data is converted to runoft (mm/h) for use.

For 11 years from 2000 to 2010, Usutani et al. (2014) estimated hydrological
quantities (rainfall, snowfall, snow accumulation, snowmelt, evapotranspiration) for each
mesh of approximately 1 km-mesh using the LoHAS model (Kuchizawa et al. 2002)
based on the two-layer model proposed by Kondo et al. (1994) with snow accumulation
and snowmelt processes added, for river basins in Hokkaido. The outline of this heat
budget model is shown in Fig. 2-4.

Next, the rainfall, snowmelt, and evapotranspiration were input into a runoff
model consisting of the tank model to calculate the runoff. The slope runoff of the mesh
was calculated using the tank model, and the river channel was traced to an arbitrary point
using the kinematic wave formula. As a result, the ratio of the river flow estimated by this
method to the observed flow was in the range of 0.86 to 1.03, and it is considered that the
hydrological quantities are estimated satisfactorily in terms of water balance.

Taniguchi et al. (2016) used this method to input the current climate (for 20 years
from September 1984 to August 2004) from MRI-NHRCM20, a regional climate model
of the Japan Meteorological Agency that applies the IPCC-ARS RCP8.5 scenario, to
estimate evapotranspiration in the Jozankei Dam and the Hoheikyo Dam basins. The

results showed that the 20-year average was 557 mm per year in the Jozankei Dam basin
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and 507 mm in the Hoheikyo Dam basin. Therefore, these values were used as the annual

evapotranspiration in this study.

Water and Heat Budget Model:
LOHAS (Long-term Hydrologic Assessment model considering Snow process)

This model represents heat exchanges using equations,
and estimates of evapotranspiration and snowmelt amounts.
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Ground surface  f,R¥ +(1—f,)oT,* —Qg +Qg = &0T* + Hy +1H,

— Schematic diagram of heat flow
Rl (14,)oTf feoly
I(l-fv)R ! I (1-f,)eoT* I I
- i T \egetation layer
[ ) J H, IE, Il v g | y
: 6 ! T, © Ground surface
snowlayer  f,R]  (1-f )oT? 80T94 llQM H, IE, Qr
Soil layer Qs Q=0 +0Q;

T, T,: Temperature of the ground surface and vegetation layer

R{: Downward net radiation

Hg, H,: Sensible heat flux of the ground surface and vegetation layer
E, E,: Latent heat fluxof the ground surface and vegetation layer
Qg: Heat flux supplied to the ground surface

Qg: Heat flux supplied by precipitation

I: Interception of evaporative heat flux through vegetation canopy
Units are (W/m) except for Tg and Tv.

Figure 2-4: Overview of LoHAS (Long-term Hydrologic Assessment model considering

Snow process) model used to estimate evapotranspiration.
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2.5. Model and Experiments

We used version 3.6.0 of the SNOWPACK model (Bartelt and Lehning 2002),
which contains the solver of mass and energy exchanges between adjacent snowpack and
soil layers and snow surface processes on radiation, precipitation, and heat flux
(Michlmayr et al. 2008), with snowpack metamorphosis in compressible layers as the
National Research Institute for Earth Science and Disaster Resilience (NIED) scheme
(Hirashima et al. 2004). The model output the vertical position, primary and secondary
snow grain types, temperature, density, and depth of snowpack layers in an hourly interval.
The model also provides SWE and snow depth of the vertical column, which were used
as the index of accumulated snow amount.

The snow grain type in the SNOWPACK model was classified into precipitation
particles, decomposing and fragmented precipitation particles, rounded grains, faceted
crystals, depth hoar, surface hoar, and melt forms (Lehning et al. 2002b). We evaluated
the snow melting timing by the cumulative melt forms ratio, defined as the ratio of the
thickness of melt forms to the total. Neither horizontal transport nor avalanches were
assumed because of their smaller horizontal scale than the mesh size here.

The SNOWPACK model was first forced by meteorological data at J-Site 1 that
was updated every hour for 8-winter seasons from 2010/11 to 2017/18. The input data
were air temperature, relative humidity, wind speed above the snow surface, incoming
shortwave and longwave radiation, precipitation, and soil temperature. The precipitation
was identified as liquid if the air temperature (°C) exceeded the critical temperature (°C)
empirically estimated as 7.7 — 6.6 RH, where RH denotes relative humidity, and

otherwise solid (Kondo 1994). The soil temperature was asymptotic to the initially given
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value of the annual mean air temperature (10 °C?) plus 2.3 °C (Hirota et al. 1995). We
added a model experiment by replacing the gauge data with the R/A data at the nearest
point to the observation site.

The SNOWPACK model next ran for every 111 grid points set in the Jozankei
Dam basin or every 142 grid points set in the Hoheikyo Dam basin meshed at 1/120° in
latitude by 1/80° in longitude. Due to no direct meteorological observation at almost all
points, the input data were the same as those at H-Site 1 uniformly given to the entire
basin except for precipitation, temperature, and incoming shortwave radiation®. The R/A
dataset was used for the precipitation, and the temperature at H-Site 1 was corrected
according to the lapse rate of 6.5 K km™!. The incoming shortwave radiation was used
after a correction of slope inclination based on topography data under the assumption of
no scattering lights. We remark that the assumption of uniform wind in the basin may not

hold near the top of mountains where stronger wind likely blows snow particles farther.

2 The annual mean temperature at Sapporo was substituted due to no continuous
observations around the Jozankei Dam basin.

3 The assumption that wind was given uniformly over the basin can be supported by the
insensitivity of sensible and latent heat flux to wind speed below 5 °C (Kondo and
Yamazaki 1987). It is also applied for a warmer season because the snow melting was

reasonably simulated at J-Site 3 forced by wind data at J-Site 1 (Fig. 3-4).
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Chapter 3. Results for Jozankei Dam basin

3.1. Snow observation at J-Site 1

We validated the SNOWPACK model by various observations at J-Site 1 and
chose reasonable precipitation data. Figures 3-1 and 3-2 show the snow-pit observation
and the simulation results of the SNOWPACK model from 2010 to 2017. The simulation
with the gauge precipitation data underestimated the observed snow depth almost by half
through the season (blue dotted line in Figs. 3-1, 3-2). The correction by wind speed data
alleviated the problem, but the result still suffered from the significant underestimation
of the observed snow depth (blue line in Figs. 3-1, 3-2). In contrast, the simulation with
the R/A precipitation data reproduced the observed snow depth in the accumulation period
(color in Figs. 3-1, 3-2).

The SWE simulated with the R/A precipitation was in moderate agreement with
the observation by the snow sampler (circles) (Fig. 3-3). The snowmelt day was delayed
only 4 days on average over the eight-winters, in the simulation with the R/A precipitation.
In contrast, it was earlier by > 2 weeks in the simulation with the rain-gauge precipitation
(Figs. 3-1, 3-2). In addition, the snow type in the simulation with the R/A precipitation
was consistent with the intermittent snow-pit observations: the faceted crystals in the
upper layer on 12 January; the precipitation particles on the thick rounded gains in
February and March; and the dominance of the melt forms on 13 April (Figs. 3-1a, b).

Therefore, the SNOWPACK model can be validated by various observations of
the snow environment at J-Site 1 in 2010/2011. The results did not change substantially
for 2011/12 and 2012/13 (Figs. 3-1c-f, Table 3-1), except for slightly less snow

accumulation and earlier melting by about a week in the simulation after 2013/2014 (Figs.
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3-1g,h; Table 3-1). These may be related to the underestimation of R/A precipitation
(Section 3.2). However, we now chose the R/A precipitation as reasonable input data to

the model and hereafter regard this simulation as a reference.
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(a) Snow-pit in 2010/11 winter

(b) SNOWPACK in 2010/11 winter
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Figure 3-1: (a, c, e, g) Snow depth (cm) and (color) snow types in the snowpack observed
at J-Site 1 from 2010/11 to 2013/14 winters. Snow types are color-coded as legend below
according to Fierz et al. (2009). (b, d, f, h) Snow depth at J-Site 1 in the SNOWPACK model
simulation driven by (upper edge of color shade) R/A precipitation, (blue dashed line) rain-

gauge precipitation, and (blue line) corrected one. Color shading denotes snow types in the

simulation with R/A precipitation.
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(a) Snow-pit in 2014/15 winter
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Figure 3-2: Same as Fig. 3-1, but for the 2014/15 to 2017/18 winters.
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(a) 2010/11 winter

(b) 2011/12 winter
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Figure 3-3: Snow water equivalent (SWE; mm) at J-Site 1 in the simulation with (red)

R/A precipitation, (blue dotted) rain-gauge precipitation, and (blue) corrected one from

2010/11 to 2017/18 winters. Circles denote the SWE estimated from snow sampler data

at J-Site 1.
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Table 3-1: Calculation period and comparison between SNOWPACK calculation and

observation for peak snow depth and the date, and snow melt date.

Peak snow depth (cm)

Date of peak snow depth

Date of snow melt

Calculation period - - - - - -
observation | calculation [ observation | calculation | observation | calculation

1 18 Nov. 2010 - 21 May 2011 179 177 03 Mar. 18 Mar. 02 May 06 May
2 |20 Nov. 2011 - 09 Jun. 2012 146 156 26 Mar. 27 Feb. 29 Apr. 28 Apr.
3 |21 Nov. 2012 - 08 Jun. 2013 241 247 11 Mar. 10 Mar. 20 May 21 May
4 |08 Nov. 2013 - 29 May 2014 220 203 11 Mar. 21 Feb. 05 May 26 Apr.
5 |14 Nov. 2014 - 13 Jun. 2015 240 209 13 Mar. 13 Mar. 03 May 28 Apr.
6 |22 Nov. 2015 - 29 May 2016 227 225 01 Mar. 01 Mar. 07 May 03 May
7 |10 Nov. 2016 - 07 May 2017 183 158 25 Feb. 25 Feb. 02 May 23 Apr.
8 |12 Nov. 2017 - 07 May 2018 220 197 02 Mar. 09 Mar. 30 Apr. 23 Apr.
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3.2. Other observations in the basin

We next validated the SNOWPACK model and precipitation data by using other
observations in the basin. The snow depth at J-Site 3 mostly attained 300 cm at the peak
of the season (Fig. 3-4). However, the simulation with the R/A precipitation could not
reproduce the snow depth there; the difference is a factor of 1.55 on average over the
eight-winters (Fig. 3-4). Moreover, compared to the satellite images in Nishihara and
Tanise (2019), the snow melting around J-Site 3 occurred too early in the simulation even
with the R/A precipitation (not shown).

Indirect evidence of the underestimation of R/A precipitation was provided by a
rough estimate of the water budget in the basin (Table 3-2). We assume that the
precipitation over the basin roughly equals to evapotranspiration and the dam inflow.
Assuming evapotranspiration at 557 mm/yr every year (Kuchizawa and Nakatsugawa
2002; Taniguchi et al. 2016; Sawano et al. 2015), the R/A precipitation over the basin is
about 90% of the estimate from the basin’s water budget (Table 3-2).

Figure 3-5 shows the basin distribution of R/A precipitation divided into annual,
snowy, and rainy seasons. Compared to the elevation distribution in Fig. 2-2a, the area
around J-Site 11 has the highest elevation and is expected to have high rainfall and
snowfall, but both values are smaller than the surrounding grids. In addition, in the
northern part of the basin, both rainfall and snowfall are equivalent to those of J-Site 2
(Jozankei Dam point), the most downstream point, suggesting that the R/A precipitation
is underestimated.

Therefore, it is considered that the R/A precipitation was insufficient in the
northern area around J-Site 3. The R/A precipitation seemed slightly underestimated even

in the whole basin domain. However, consistency with the various snow observations at
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J-Site 1 (Figs. 3-1, 3-2) and the agreement with satellite images in most areas (not shown)
allowed us to analyze the results of the reference experiment, with caution of an earlier
bias in the snow melting by about a week in the downstream and more in the northern

arca.
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Figure 3-4: Snow depth (black) observed by snow gauge and (red) simulated with the

(solid line) original and (dashed) corrected R/A precipitation data at J-Site 3 from (a)

2010/11 through (h) 2017/18 winter. The correction was done by multiplication by a

factor of 1.55.
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Table 3-2: Comparison of annual precipitation calculated by the water balance method

and R/A precipitation in the Jozankei Dam basin.

a b c=a+b d e=d/c
) Observed Runoff Evapotranspiration | Annual precipitation Annual R/A Ratio of R/A
Period (mm/yr) at Jozankei (mmiyr) estimated by water [precipitation (mm/yr)|  precipitation to
Dam balance (mm/yr) estimated precipitation
1 |1Sep. 2010 - 31 Aug. 2011 1524 557 2081 1860 0.89
2 |1 Sep. 2011 - 31 Aug. 2012 1451 557 2008 1811 0.90
3 |1 Sep. 2012 - 31 Aug. 2013 1814 557 2371 2109 0.89
4 |1 Sep. 2013 - 31 Aug. 2014 1595 557 2152 1982 0.92
5 |1 Sep. 2014 - 31 Aug. 2015 1524 557 2081 1815 0.87
6 |1 Sep. 2015 - 31 Aug. 2016 1681 557 2238 2156 0.96
7 |1 Sep. 2016 - 31 Aug. 2017 1421 557 1978 1665 0.84
8 |1 Sep. 2017 - 31 Aug. 2018 1776 557 2333 2060 0.88
Average 1598 557 2155 1932 0.90
(a) Annual R/A precipitation  (b) R/A precipitation of Snowfall season (c) R/A precipitation of Rainfall season
(from Dec. to Mar.) (from Apr. to Nov.)
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Figure 3-5: (a) Basin distribution of annual R/A precipitation averaged from September
2010 to August 2018 (mm/yr). The blue lines denote rivers in the basin and the Jozankei
Dam basin is enclosed by the black line. Observation points are indicated with the same
legend as in Fig. 2-2. (b) Basin distribution of snowfall season R/A precipitation
averaged from September 2010 to August 2018 (mm/yr). (c) Basin distribution of
rainfall season R/A precipitation averaged from September 2010 to August 2018

(mm/yr).
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3.3. Snowmelt mapping

Figure 3-6 shows the map of snow depth and cumulated melt forms ratio
averaged over 8 winters in the melting season in the Jozankei Dam basin. Because the
elevation ranges from 396 m to 1,197 m in the basin (Fig. 2-2a), the snow melting and
the change to melt forms were nonuniform over the basin. On 1 March, the snow depth
exceeded 230 cm upstream but was near 90 cm downstream, because of the difference in
the snowfall amount in the winter season (Fig. 3-6a). On 1 May, the snow depth was less
than 50 cm in the downstream, while it remained up to 203 cm in the upstream (Fig. 3-
6¢). This was mainly caused by temperature difference in the basin (Figs. 3-7e,f).

Similarly, the cumulated melt forms ratio increased faster on the downstream
side (Figs. 3-6d-f). On 1 March, melt forms exceeded 50% in downstream but remained
at less than 10% upstream (Fig. 3-6d). On 1 April, the snowpack layer was mostly filled
with melt forms downstream, but the snowpack still had the rounded grains upstream (Fig.
3-6e). The snowpack fully covered with the melt forms over the basin in May (Fig. 3-6f).

The results above indicated the nonuniform snow melting in the basin from March to May.
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Figure 3-6: (a-c) Snow depth (cm) in the Jozankei Dam basin on (a) 1 March, (b) 1 April,
and (¢) 1 May, with the color shading as in the right, averaged over 8-winter simulations.
Navy line shows the river and black line shows the Jozanke Dam basn. (d-f) Same as (a-c),
but for melt forms ratio. The open circle denotes Jozankei Dam point, the star marks are the

observation J-Site 1 and the red circle is the other observations.
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Figures 3-7a-c show the snowmelt rate defined as the SWE divided into its
maximum value in the season. The snowmelt rate averaged over the basin was about 10%
on 31 March (Fig. 3-7a) and 42% on 15 April (Fig. 3-7b). On 30 April, the average
snowmelt rate in the basin was 83%, but the lowest rate was 45% in the upstream area,
and more than half of the snowmelt amount was still maintained at some points (Fig. 3-
7¢). This rapid snow melting in April was explained by the basin-average temperature
increase from —5 °C to 2 °C (Figs. 3-7d,f). The temperature crossed the freezing point
around 15 April (Fig. 3-7e). Since the altitude exceeds 1,000 m at the mountaintop in the
basin and is below 400 m at the dam point (Fig. 2-2a), the temperature deviation from the
basin average ranged +2 K according to the lapse rate. This range caused the snow melting

timing difference between the upstream and downstream of the basin.
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Figure 3-7: (a-c) Snowmelt rate in the Jozankei Dam basin on (a) 31 March, (b) 15
April, and (c) 30 April averaged over 8 winter simulations. (d-f) Eight-year mean
surface air temperature (°C) (d) in March and in the (e) first and (f) latter halves of
April, estimated by an altitude correction for the observed temperature at the J-Site

1 marked by the yellow star. The red circles indicate other observation sites.
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Figure 3-8a shows the seasonal march of snow depth for 8 years at J-Sites 1-3
(Considering the noticeable bias in the R/A precipitation, the simulation for J-Site 3 was
redone with the corrected data multiplied by 1.55). In spite of no significant difference in
the timing of the maximum snow depth among the three sites, the day when the snow
melts completely was different: the snowmelt day at J-Site 3 lagged behind the day at J-
Site 1 by about two weeks (Fig. 3-8b) and the day at J-Site 1 lagged behind the day at J-
Site 2 by about a week as well (Fig. 3-8c¢), in terms of an 8-year average in the simulation.
The peak inflow occurred 8 days after the snow disappeared at J-Site 2 and occurred 19
days before at J-Site 3. Hence, the difference in snow melting between upstream and
downstream points was 27 days.

In contrast, the timing when melt forms exceeded 50% is 20 March in J-Site 1,
25 March in J-Site 3, and 21 March in J-Site 2 (Figs. 3-8b,c) for an 8-year average. This
timing difference in the basin was much smaller than the difference in snow melting.
Moreover, the dam inflow peaked at 36 days after the timing of melt form dominance at
J-Site 3 and at 40 days at J-Site 2. This timing lag has little interannual variation. Hence,
the number of days after the cumulative melt forms ratio exceeded 50% could be a leading

measure of snow melting.
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(a) Seasonal march of snow depth
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Figure 3-8: (a; thin lines) Seasonal marches and (thick line) their average of snow depth
(cm) at (black) J-Site 1, (red) J-Site 3, and (blue) J-Site 2 in the simulation. The snowpack
simulation in J-Site 2 was driven by R/A precipitation data multiplied by 1.55. (b; circle)
Peak date of snow depth, (square) the snowmelt date when snow completely disappears,
and (triangle) the first date when the melt forms rate crosses 50% in the graph of J-Site 1
versus J-Site 3. Each mark denotes the simulation result in 8 winters from 2010/11 to
2017/18. Black and red dotted lines denote 29 April and 25 March, when the dam-inflow
attains the peak and when about 50% of the snow layer turns to melt forms at J-Site 3 in
average over eight years. (¢) Same as (b), but for the graph of J-Site 1 versus J-Site 2.
Blue dotted line denotes 21 March, when about 50% of the snow layer turns to melt forms

at J-Site 2 in average over 8 years.
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Chapter 4. Results for Hoheikyo Dam basin

4.1. Snow observation at H-Site 1

We first checked the applicability of the SNOWPACK model simulation to H-
Site 1 (Hoheikyo Dam point). Figures 4-1 and 4-2 show the observation data of the snow-
pit and simulation results of the SNOWPACK model from 2010 to 2017. The
SNOWPACK simulation forced by observed precipitation at H-Site 1 (Figs. 4-1, 4-2; blue
dotted line) underestimated the observed snow depth for all eight winters, like J-Site 1.
On the other hand, SNOWPACK simulation results forced by corrected observed
precipitation showed significant improvements over the results with uncorrected
observed precipitation in many years (Figs. 4-1, 4-2; blue line). The exception is
2014/2015, in which the snow disappearance date fell within the error range of 15 days
from observation. The observed precipitation was corrected by the formula of Yokoyama
et al. (2003) considering the capture rate by wind speed, but this correction did better
work in H-Site 1 than in J-Site 1. This is because the wind speed at H-Site 1 is on average
2.5 m/s, stronger than at J-Site 1 on average 0.8 m/s. In the case of 2014/2015, the
observed snow depth was overestimated by the corrected observed precipitation. The
snow disappearance day had an error within 8 days when forced by the R/A precipitation,
and the error was reduced to 7 cm from the maximum snow depth that was overestimated
by 40 cm (Fig. 4-2b). Although the R/A precipitation was slightly underestimated in 2016
and 2017, the SNOWPACK simulation well reproduced the maximum snow depth and
the snow disappearance date throughout the eight-winters (Table 4-1). However, it should
be noted that the simulation results using the R/A precipitation data show an

underestimation of SWE except for the 2010/11 winter (Fig. 4-3).
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Figure 4-1: Same as Fig. 3-1, but for H-Site 1.
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Figure 4-2: Same as Fig. 3-2, but for H-Site 1.
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Figure 4-3: Same as Fig. 3-3, but for H-Site 1.
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Table 4-1: Same as Table 3-1, but for H-Site 1.

. . Peak snow depth (cm) | Date of peak snow depth Date of snow melt
Calculation period - : - - - -
observation | calculation | observation | calculation | observation | calculation

1 |18 Nov. 2010 - 24 May 2011 123 103 20 Feb. 19 Feb. 18 Apr. 15 Apr.
2 119 Nov. 2011 - 07 May 2012 129 126 27 Mar. 26 Mar. 24 Apr. 23 Apr.
3 |21 Nov. 2012 - 03 May 2013 156 144 11 Mar. 09 Mar. 30 Apr. 27 Apr.
4 |01 Dec. 2013 - 31 May 2014 171 150 09 Mar. 08 Mar. 26 Apr. 20 Apr.
5 |01 Dec. 2014 - 15 May 2015 162 169 12 Jan. 09 Mar. 18 Apr. 26 Apr.
6 |21 Nov. 2015 - 30 Apr. 2016 179 140 29 Feb. 28 Feb. 20 Apr. 13 Apr.
7 |16 Nov. 2016 - 30 Apr. 2017 112 94 28 Jan. 22 Dec. 17 Apri. 09 Apri.
8 |11 Nov. 2017 - 10 May 2018 165 112 02 Mar. 08 Mar. 19 Apr. 02 Apr.
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4.2. Water balance of the Hoheikyo Dam basin

Even though the R/A precipitation was likely accurate at H-Site 1, the accuracy
was not necessarily uniform across all areas in the Hoheikyo Dam basin. Conducting the
same water balance analysis as in Chapter 3, the R/A precipitation over the basin is about
68% of the estimate from the basin’s water budget (Table 4-2). This is a piece of indirect
evidence of the underestimation of R/A precipitation in Hoheikyo Dam basin.

In addition, the amount of precipitation during the snowy season from 1
December to 31 March was extracted from the annual R/A precipitation, and the basin
distribution was shown (Fig. 4-4b). Similarly, the distribution of precipitation during the
rainy season (1 September to 30 November and 1 April to 31 August) is shown in Fig. 4-
4c. In the Hoheikyo Dam basin, the areas where precipitation is concentrated change
between the snowy season and the rainy season. The amount of precipitation during the
rainy season follows the elevation distribution of the basin (Fig. 2-2b). As shown in
Section 2.3, the accuracy of the rainy season of the R/A precipitation has been confirmed
in previous studies. Therefore, the decrease in annual R/A precipitation at Hoheikyo Dam
is thought to be mainly due to snowfall.

In the Hoheikyo Dam basin, there are no points where snow depth is

continuously observed, so verification at each point will not be performed.
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Table 4-2: Same as Table 3-2, but for the Hoheikyo Dam basin

a b c=a+b d e=d/c
) Observed Runoff Evapotranspiration | Annual precipitation Annual R/A Ratio of R/A
Period (mm/yr) at Hoheikyo (mmlyr) estimated by water |precipitation (mm/yr)|  precipitation to
Dam balance (mm/yr) estimated precipitation
1 |1 Sep. 2010 - 31 Aug. 2011 1852 507 2359 1607 0.68
2 |1 Sep. 2011 - 31 Aug. 2012 2210 507 2717 1774 0.65
3 |1 Sep. 2012 - 31 Aug. 2013 2292 507 2799 2024 0.72
4 |1 Sep. 2013 - 31 Aug. 2014 1980 507 2487 1774 0.71
5 |1 Sep. 2014 - 31 Aug. 2015 2030 507 2537 1792 0.71
6 |1 Sep. 2015 - 31 Aug. 2016 1626 507 2133 1335 0.63
7 |1 Sep. 2016 - 31 Aug. 2017 2160 507 2667 1718 0.64
8 |1 Sep. 2017 - 31 Aug. 2018 2021 507 2528 1718 0.68
Average 2021 507 2528 1718 0.68
(a) Annual R/A precipitation  (b) R/A precipitation of Snowfall season  (c¢) R/A precipitation of Rainfall season
(from Dec. to Mar.) (from Apr. to Nov.)
éﬁk /(( 2100 - /(( 600 N\ /;( 1600
N TN
429°N T ~ AN = 1550
= 550 =
- /74" 2000 '/,.: ] ; ‘1. /:’ 1500
< <] ; 500 1M <
IRCISECH | 1900 cai xwiliy Zauas N 1450
] ] D = C Y 450 7 N 1400
2 C 1800 = / < = C 1350
AT ~K A 400 -
o 1300
2N = 1700 Nrar: 2 350
2 1250
SN 1600 NN 300 AN 1200

Figure 4-4: Same as Fig. 3-4, but for the Hoheikyo Dam basin.
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4.3. Snowmelt mapping

Although the previous section indicated that the R/A precipitation was not
uniformly accurate across the basin, we assume uniform accuracy for the purpose of
assessing the applicability of snowmelt mapping. This is to reduce the uncertainty of the
simulation. It is necessary to show the corrected distribution of R/A precipitation, but
since this is difficult at the present stage due to the small number of observations, this will
be the next study. Figure 4-5 shows the map of snow depth and cumulated melt forms
ratio averaged over 8 winters in the melting season in the Hoheikyo Dam basin. Because
the elevation ranges from 496 m to 1,226 m in the basin (Fig. 2-2b), the snow melting
and the change to melt forms were nonuniform over the basin. On 1 March, the snow
depth exceeded 113 cm upstream but was near 62 cm downstream, because of the
difference in the snowfall amount in the winter season (Fig. 4-5a). On 1 May, the snow
depth was less than 9 cm in the downstream, while it remained up to 82 cm in the upstream
(Fig. 4-5¢). This was mainly caused by temperature difference in the basin (Figs. 4-6e,f).

Similarly, the cumulated melt forms ratio increased faster on the downstream
side (Figs. 4-5d-f). On 1 March, melt forms exceeded 34% in downstream but remained
at less than 5% upstream (Fig. 4-6d). On 1 April, the snowpack layer was mostly filled
with melt forms downstream, but the snowpack still had the rounded grains upstream (Fig.

4-5e). The snowpack fully covered with the melt forms over the basin in May (Fig. 4-5f).
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Figure 4-5: Same as Fig. 3-6, but for Hoheikyo Dam basin.
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Figures 4-6a-c show the snowmelt rate defined as the SWE divided into its
maximum value in the season. The snowmelt rate averaged over the basin was about 17%
on 31 March (Fig. 4-6a) and 53% on 15 April (Fig. 4-6b). On 30 April, the average
snowmelt rate in the basin was 88%, but the lowest rate was 56% in the upstream area,
and more than half of the snowmelt amount was still maintained at some points (Fig. 4-
6¢). This rapid snow melting in April was explained by the basin-average temperature
increase from —6 °C to 2 °C (Figs. 4-6d,f). The temperature crossed the freezing point
around 15 April (Fig. 4-6e). Since the altitude exceeds 1,000 m at the mountaintop in the
basin and is below 500 m at the dam point (Fig. 2-2b), the temperature deviation from the
basin average ranged +4 K according to the lapse rate. This range caused the snow melting
timing difference between the upstream and downstream of the basin. Though being
aware of the accuracy of input precipitation to SNOWPACK model, the above results
indicated that the snow melting were quite sensitive to surface height, say surface

temperatures, as in the Jozankei Dam basin.
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Figure 4-6: Same as Fig. 3-7, but for Hoheikyo Dam basin.
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Chapter 5. Discussion

We here discuss two problems commonly faced in the snowpack and snowmelt
analysis in this dissertation. The largest problem that we should address is the accuracy
of input precipitation data, which is known as one of snow hydrological problems as in
Introduction. We mainly used the R/A precipitation because it brought a better
performance in the model validation for a specific site than the rain gauge data, which
were much underestimated due to missing by strong wind or sublimation by electric
heater (Rasmussen et al. 2012; Buisan et al. 2016; Smith et al. 2016; Pan et al. 2016; Figs.
3-1, 3-2, 3-3) and were not always adjusted well by a correction formula (Yokoyama et
al. 2003; Figs. 4-1, 4-2, 4-3). However, even the R/A precipitation data likely had an
underestimate bias across the target dam basins. This was suggested by not only a rough
estimate by water budget with an evapotranspiration amount assumed after the literature
but the snow depth comparison between observation and simulation in several points
scattered over the basins. The R/A precipitation data in the basin were mostly compiled
by the C-band radar data. It was generally known that the radar had much difficulty in
observing solid precipitation in the cold environment (Ito et al. 2020). For example, even
if the radar were directed horizontally, it could not detect distant particles in low-level
snow clouds due to the curvature of the Earth. Moreover, the Z-R relation was not
uniformly applied to the non-spherical solid precipitation. There is the possibility that
some areas are in the shadow zone behind the mountain observed from the Sapporo Radar
located near the basin (Figs. 5-1, 5-2, 5-3). In this case, because the R/A data were
dependent on the C-band radar almost 200 km far south of the basin, the data should be

significantly underestimated.
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The water balance method for the dam basin showed that the R/A precipitation
in the entire basin may be underestimated (Tables 3-2, 4-2, Figs. 3-5, 4-4). It was found
that the corrected value of the R/A precipitation in the basin is not uniform and may have
different values depending on the point. This is because it is difficult to verify the
corrected value of the R/A precipitation if there is only one observation value of snow
depth in one winter, as shown in Figs. 5-2 and 5-3. The well-estimated snowmelt in the
basin will improve the accuracy of the runoff analysis of snowmelt water and the timing
of its flow into the dam. For the verification, we again emphasize that the snow depth
observation should be sufficiently provided in terms of sampling frequency and sampling
points over the basin. Since the snowpack simulation is highly sensitive to input
precipitation, we must be vigilant about precipitation accuracy. The best-effort validation
in snow depth observations in this dissertation was intended to be one of the methods
employed.

Given the difficulty in precipitation observation in snowy environments, one
might find that measuring snow depth provides comparatively more accurate data in a
less challenging manner than precipitation observations. Because the snow depth has been
certainly observed by a simple instrument measuring distance like ultrasonic wave
reflection or vertically fixed ruler (Lee et al., 2015), the observation error was likely small.
However, the snow depth is extremely non-uniform because light snow particles were
drifted by wind and accumulated around obstacles (Lundquist et al. 2015). For example,
in H-Site 1 snow depth and snow-pit observations were provided albeit in slightly
different locations. Despite that the horizontal distance is only 200 m in an almost level
plain, the difference in snow depth is at most 30 cm (Fig. 4-1c). This means that the

representativeness of snow depth cannot be ensured without the resolution of snow terrain,
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which may be at the order of 10 m. The drone technology that could be applied to accurate
snow depth observation (Walter et al. 2020) may resolve this problem. In another way,
the highly efficient large eddy simulation for drift snow (Tanji et al. 2023) could help

evaluate if the observation site is representative of the surrounding area.
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Figure 5-1: Same as Fig. 3-4, but for J-Site 11. (blue dashed line) simulated with
corrected R/A precipitation data at J-Site 11 from (a) 2010/11 through (h) 2017/18

winters. The correction of blue was done by multiplication by a factor of 3.
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Figure 5-2: Same as Fig. 5-1, but for H-Site 2. The open circles are observation data.
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Figure 5-3: Same as Fig. 5-2, but for H-Site 5.
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Chapter 6. Conclusion

We mapped the snow melting distribution in the Jozankei Dam basin by a
physical snowpack model forced by high-resolution radar precipitation and other climatic
variables observed at the single site. First, the snowpack model and input precipitation
data were validated by various observations at J-Site 1, snow depth observation at J-Site
3, water budget estimation based on the dam inflow, and snow melting timing in the
literature of Nishihara and Tanise (2019; Figs. 3-1, 3-2). Consequently, it was found that
we may reasonably use the SNOWPACK model driven by the R/A precipitation in the
basin, with caution of an earlier bias in the melting timing by about a week in the
downstream and more in the northern area. Second, the mapping of simulation results
indicated the difference in snowmelt timing mainly depending on the surface elevation
(Figs. 3-6, 3-7). The additional snowpack simulation with the corrected R/A precipitation
at J-Site 3 suggested that the snowmelt at J-Site 2 occurred 27 days earlier than at J-Site
3 (Fig. 3-8). We obtained consistent results by the Hoheikyo Dam basin analysis (Figs. 4-
1, 4-2, 4-5, 4-6). Because errors in the snowpack simulation seemed largely due to the
problem in snowfall, an enhanced observation network for snow depth deployed over the
basin using Snow Analysis and Forecasts by the JMA, and X-band multi-parameter radar

may contribute to a more accurate simulation of the snow environment of the basin.
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