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Abstract
The dynamics of a seasonal snow cover in the temperate cryosphere are critical for discussing climate
change and understanding Earth systems. Themost basic information is the previously unknown
surface energy balance of snow and ice that can describe the snowdynamics in Japanese Alps.We
show the surface energy balance properties of seasonal snow cover in theNorthern Japanese Alps: one
is the net radiation controlling the surface energy balance variation, and the negative latent heat flux
(sublimation).We found that the surface energy balance property in this region is similar to that in the
continental climate region due to the specific climate of Japan (wintermonsoon) and topographic
conditions (steep elevation gradient) of the Japanese Alps. This is a novel finding because Japanese
seasonal snow cover is thought to accumulate and ablate under amaritime climate. It has been
reported that the sensitivity of snow ablation to global warming depends on current atmospheric
conditions. The results offer vital context for discussing environmental changes in the temperate
cryosphere and environment of the Japanese Alpine region.

1. Introduction

Snow and ice cover on the Earth surface affectmany other natural environment components. Because snow
cover affects the energy andmoisture exchanges between the atmosphere and the land surface (e.g. Cohen and
Rind 1991), seasonal snow cover is a crucial factor in forming a local to global scale climate (Giorgi et al 1997,
Mott et al 2015). Furthermore, a snow cover changes ground thermal regime due to the thermal insulation
ability (Gądek and Leszkiewicz 2010), and conditions alpine vegetation phenology (Oguma et al 2019). The
supply of snowmelt water causesfluctuations in river runoff (e.g. Suzuki 2017), and snowmelt induces natural
disasters (e.g.Marks et al 1998). Therefore, to understand sub-systems inwhich the natural environment
components interact with each other in a complexmanner, it is necessary to clarify the accumulation-ablation
process of snow cover.

Due to difficulties in obtaining in situmeteorological observations and integrating fragmented data,
providing sufficient information for understanding the dynamics of the Japanese Alps and the advancement of
environmental science are not adequate. Suzuki and Sasaki (2019) analysed long-term fluctuation of the
meteorological condition and revealed that there is no significant trend of increasing air temperature in Japanese
Alps. In addition, Kawase et al (2015), Suzuki (2017), and (Nishimura et al 2018, 2019) discussed an anticipated
the snowor hydrological environment change in the Japanese Alps. Despite the existing research in thisfield,
there is less knowledge based on detail in situ observation that in how climate condition the seasonal snow cover
is accumulated and ablated in the Japanese Alps region.

Therefore, this study aims to understand the accumulation-ablation process of the seasonal snow cover in
Japanese Alps and evaluate its impact on the scientific perspective. This study discussed the snow ablation
process and control factors that impact the surface energy balance in theNorthern Japanese Alps (Kamikochi,
Norikura highland andNishi-Hodaka). The snow surface energy balance is themost vital information in
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discussing snow accumulation-ablation processes. Through the analysis, we describe themechanismof the
mountain environmental system and the annual snowdynamics in the Japanese alpine region sat in the
temperate cryosphere.

2.Method

2.1. Site description
The Japanese Alps are in central Japan (figure 1), and consist of severalmountains with peaks of approximately
3000mabove sea level (a.s.l.) as part of the highest elevation range in Japan. There is a huge amount of snowfall
in this region due to climatic and topographic factors. One is that, the Japanese Alps are part of themaritime
climate because they are approximately 60 km from the coast of the Japan Sea, with a humid airmass quickly
traveling to themountains. Another is that the steep and high elevation terrain extends from the coast of the
Japan Sea to the Japanese Alps. These characteristicsmake the Japanese Alps a unique landmass, as they feature
glaciers and perennial snowpatches despite lower elevation and in amore temperate climate than similar
locations in theworld that also have glaciers and snowpatches (Fukui et al 2018, Arie et al 2019).

Themountainousmembers of theNorthern Japanese Alps, Kamikochi, theNorikura highland, andNishi-
Hodakawere selected as study areas. Kamikochi is a generic term for themountain area located in the southern
part of theNorthern Japanese Alps. Kamikochi is in the highland valley basin of the AzusagawaRiver at an
elevation of 1500ma.s.l. and is surrounded by approximately 3000m a.s.l. highmountains in theNorthern

Figure 1.Map ofmeteorological observation sites: Kamikochi (AWS-K, blue symbols), Norikura highland (AWS-N, green symbols),
andNishi-Hodaka (AWS-H, orange symbol). Contour interval for thin lines is set as 100ma.s.l., and that for thick lines is as 500ma.s.
l.
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JapanAlps. In theKamkochi region, annual cumulative snowfall over 600mmwas often observed (Suzuki 2017)
from1981 to 2012 due to the strongwintermonsoon, and seasonal snow cover formed every year. TheNorikura
highland is 10 km south of Kamikochi.Mt.Nishi-Hodaka-dake (2909m a.s.l.) is one of the peaks of theHodaka
Mountain Range (includingMt. Kita-Hodaka-dake,Mt.Oku-Hodaka-dake andMt.Mae-Hodaka-dake)
extending fromnorth to south.Nishi-Hodaka is approximately 3.8 kmnorth of Kamikochi and tops the
Kamikochi Valley ridge.

2.2.Meteorological observation
ShinshuUniversity conductedmeteorological observations at an automatic weather station (AWS) in
Kamikochi (AWS-K; 1490ma.s.l.), Norikura highland (AWS-N; 1590ma.s.l.) andNishi-Hodaka (AWS-H;
2355ma.s.l.) (figure 1). All sites were in open locations. TheAWS-K site was selected in the forest clearing
location, and in AWS-H, there are fewer trees because AWS-H is located at an elevation of the tree line;
therefore, the effect of weakeningwind speed isminimal in those two sites. AWS-N is in open space, but there is
forest surrounding (within 5–10m away from) the site (Nishimura et al 2018, 2019).

The instrumental specifications of theAWSs are listed in table 1. Precipitation observations were not
conducted inAWS-K andAWS-N; therefore, this study used the precipitation data from the nearest observation
site (Kamikochi) of the JapanMeteorological Agency as AWS-K (‘P-Site_K’ infigure 1), andNrk-St. that were
operated by ShinshuUniversity (‘P-Site_N’ in figure 1). The authors used the observed air temperature data of
Kmk-St. that was also another AWS site operated by ShinshuUniversity (figure 1) to calculate annual
meteorological statistics. Only spring season precipitation data inAWS-Hwere used because no observations
took place duringwinter in this location. Precipitation, whether rain or snowwas classified using the threshold
air temperature of 1.7 °C (Ogawa andNogami 1994). Observedmeteorological elements (see table 2) include air
temperature (Tz) [°C], relative humidity (RH), wind speed (U ) [ms−1], wind direction (WD) [degree],
atmospheric pressure (P) [hPa], incoming and reflected shortwave radiation (SWin and SWref ) [Wm−2],
incoming and upward longwave radiation (LWin and LWup) [Wm−2], and snowdepth (d) [m]. Every
observation datawas recorded in 10min intervals. The snowdepths inAWS-N andAWS-Hwere recorded every
60min. Themeteorological datasets were only analyzed for the snow-covered periods in 2016/17winter, from6
December 2016 to 4May 2017 (AWS-K), from24November 2016 to 4May 2017 (AWS-N), from29October
2016 to 2 July 2017 (AWS-H).

2.3. Surface energy balancemodel
The surface energy balance (SEB) [Wm−2]was determined using equation (1). The turbulent energyfluxes [W
m−2]were calculated using the bulk aerodynamicmethod from equations (4) and (5). The rainfall energy flux
(Qr) [Wm−2]was calculated using equation (6).

SEB R H E Q 1net r ( )= + + +

R SW SW LW LW 2net in ref in up ( )= - + -

SW LW T1 3in in s
4( ) ( )a e se= - + -

H C C U 4a p H z s( ) ( )r q q= -

E L C U q q 5a V E z s( ) ( )r= -

Q P c T T 6r r w w r s( ) ( )r= -

where Rnet is the net radiation, and H and E are the turbulent sensible and latent heatfluxes, respectively. Rnet

was calculated in equations (2) and (3), where SWin is the incoming shortwave radiation, SWref is the reflected
shortwave radiation, a is the surface albedo, LWin is the incoming longwave radiation, LWup

(= LW LW1 in out( )e- + ) is the upward longwave radiation, LWout is the outgoing longwave radiation from the
snow surface, s (= 5.67×10−8 [Wm−2 K−4]) is the Stefan-Boltzmann’s constant, and ε (= 0.98) is the emissivity
of the snow surface. In this study, surface temperature (Ts) [°C]was determined by outgoing longwave radiation
using Stefan-Boltzmann’s law. zq and sq is the potential temperature of the air and the snow surface, respectively.
All energy fluxes toward the surfacewere defined as positive.

Turbulent energyfluxeswere calculated using the bulk aerodynamicmethod (equations (4) and (5)). CH and
CE are the bulk exchange coefficients for the sensible heat and latent heatfluxes, respectively, and ar [kgm−3] is
themoist air density. Cp (= 1.005 [kJK−1 kg−1]) is the atmospheric specific heat at constant pressure, and LV [J
kg−1] is the latent heat of evaporation or sublimation.WhenT 0s = °C, this study used Lv as the latent heat of
evaporation (Lv 2505water = [kJ kg−1]), andwhenT 0s < °C, this study used Lv as the latent heat of sublimation
(Lv 2838ice = [kJ kg−1]). qz and qs [g kg

−1] are the atmospheric and surface-specific humidity, respectively. The
bulk coefficients (CH and CE)were calculated in a following procedure, considering the atmospheric stability by
theMonin-Obukhov stability length (L).
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Bulk coefficients for neutral atmospheric conditions (CHN and CEN )were calculated using equations (7) and
(8).

C
z z z zln ln

7HN
v v t t

2

0 0[ ( ) ( )]
( )k

=
/ /

C
z z z zln ln

8EN
v v e e

2

0 0[ ( ) ( )]
( )k

=
/ /

whereκ (=0.41) is the vonKarman constant, and z ,v z ,t and ze are themeasurement height (corrected by the
snowdepth (d)) ofwind speed, air temperature, and relative humidity (z z ;t e= because of using the same
sensor) at eachAWS site, and z ,v0 z t0 and z e0 are the roughness length formomentum, temperature, and
moisture, respectively. This studywas set z 2.3 10v0

4= ´ - [m] (Kondo andYamazawa 1986) as a constant

Table 1.Meteorological observation instruments used in automatedweather stations inAWS-K (Kamikochi), AWS-N (Norikura) and
AWS-H (Nishi-Hodaka).

AWS-K

observation

components

instrument accuracy

air temperature and relative

humidity

air temperature Vaisala WXT520 ± 0.3 °C

relative humidity ± 3% (0%–90%RH)
± 5% (90%–100%RH)

atmospheric pressure atmospheric pressure Vaisala WXT520 ± 0.5 hPa (0 °C–30 °C)
± 1 hPa (−52 °C–60 °C)

radiation shortwave radiation KIPP andZONEN CNR4 ± 5% (daily sum)
longwave radiation ± 10% (daily sum)

snowdepth snowdepth North one KADEC21-SNOW ± 1 cm

wind speed andwind

direction

wind speed YOUNG Model 05103Wind

Monitor

± 0.3m s−1

AWS-N

observation

components

instrument accuracy

air temperature and relative

humidity

air temperature DeltaOHM HD9817T1R ± 0.2℃

relative humidity ± 2% (10%–90%RH)
± 2.5% (in the remaining

range)
atmospheric pressure atmospheric pressure DeltaOHM HD9408T ± 0.5 hPa (20 °C)
radiation shortwave radiation KIPP&ZONEN CNR4 ± 5% (daily sum)

longwave radiation ± 10% (daily sum)
snowdepth snowdepth North one KADEC21-SNOW ± 1 cm

wind speed andwind

direction

wind speed YOUNG Model 05103Wind

Monitor

± 0.3m s−1

precipitation (Nrk-St.) precipitation OtaKeiki

Seisakusho

34-HP-P (Tipping
Bucket Type)

± 0.5mm (under 20mm)±
3% (over 20mm)

AWS-H

observation

components

instrument accuracy

air temperature and relative

humidity

air temperature DeltaOHM HD9817T1R ± 0.2 °C

relative humidity ± 2% (10%–90%RH)
± 2.5% (in the remaining

range)
atmospheric pressure atmospheric pressure DeltaOHM HD9408T ± 0.5 hPa (20 °C)
radiation shortwave radiation KIPP&ZONEN CNR4 ± 5% (daily sum)

longwave radiation ± 10% (daily sum)
snowdepth snowdepth North one KADEC21-SNOW ± 1 cm

wind speed andwind

direction

wind speed YOUNG Model 05103Wind

Monitor

± 0.3m s−1

precipitation precipitation OtaKeiki

Seisakusho

34-HP-P (Tipping
Bucket Type)

± 0.5mm (under 20mm)±
3% (over 20mm)
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Table 2.Constants and variables used in this study.

Constant

Symbol Term Value Dimension

a.e., at numeric constants dimensionless

be, bt numeric constants dimensionless

ce, ct numeric constants dimensionless

Cp specific heat of air 1005 J kg−1 K−1

cw specific heat of water 4.21 kJ K−1 kg−1

Lvwater latent heat of evaporation 2505 kJ kg−1

Lvice latent heat of sublimation 2838 kJ kg−1

ε emissivity of snow surface 0.98 dimensionless

σ Stefan-Boltzmann constant 5.67×10−8 Wm−2 K−4

κ vonKarman constant 0.41 dimensionless

ρw water density 1000 kgm−3

z0v roughness length formomentum 2.3×10−4 m

Variable

Symbol Term Dimension

CE bulk transfer coefficient of latent heat dimensionless

CEN neutral bulk transfer coefficient of latent heat dimensionless

CH bulk transfer coefficient of sensible heat dimensionless

CHN neutral bulk transfer coefficient of sensible heat dimensionless

d snowdepth m

E latent heat flux Wm−2

H sensible heatflux Wm−2

L Obukhov stability length m

Lv latent heat of water or ice J g−1

LWin incoming longwave radiation Wm−2

LWnet net longwave radiation Wm−2

LWout outgoing longwave radiation Wm−2

LWup upward longwave radiation Wm−2

P atmospheric pressure Pa

Pr rainfall intensity m s−1

Qr rainfall energyflux Wm−2

qz atmospheric specific humidity g g−1

qs specific humidity of snow surface g g−1

q* turbulentmoisture scale g g−1

Rnet net radiation Wm−2

Re roughness Reynolds number dimensionless

RH relative humidity dimensionless

SEB surface energy balance Wm−2

SWin incoming shortwave radiation Wm−2

SWnet net shortwave radiation Wm−2

SWref reflected shortwave radiation Wm−2

Tz air temperature K

Tr temperature of rain drop K

Ts surface temperature K

U wind speed m s−1

u* air shear velocity m s−1

WD wind direction degree

zv height of observation for wind speed m

zt height of observation for air temperature m

ze height of observation for relative humidity m

z0t roughness length for temperature m

z0e roughness length formoisture m

ρa moist air density gm−3

α surface albedo dimensionless

ζ stability parameter dimensionless

θz atmospheric potential temperature K

θs potential temperature of snow surface K

θ* turbulent temperature scale K

ν kinematic viscosity m2 s−1

ΨM,ΨT,ΨE stability function dimensionless
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value. z t0 and z e0 are calculated in equations (9) and (10), followingAndreas (1987):

z

z
a b Re c Reln ln ln 9t

v
t t t

0

0

2( ) ( )= + +⎜ ⎟
⎛
⎝

⎞
⎠

z

z
a b Re c Reln ln ln 10e

v
e e e

0

0

2( ) ( )= + +⎜ ⎟
⎛
⎝

⎞
⎠

*Re
u z

11v0 ( )
n

=

*u
U

z zln
12

v v0( )
( )k

=
/

where Re is the roughness Reynolds number, a ,t b ,t c ,t a ,e b ,e and ce are the numeric constants, *u [ms−1] is the
air shear velocity, and n [m2 s−1] is the kinematic viscosity of air. Those numeric constants are given byRe, and
then, CHN and CEN were calculated.

This study adjusted the bulk coefficients for atmospheric stability using theMonin-Obukhov stability
length, as L [m] (van denBroeke et al 2005) shown in equation (13):

*

* *

L
u

q
q0.62

13
z

z
z

2

( )
( )

k
q

q q
=

+

* z zln
14z s

t t0

( )
( )

( )q
k q q

=
-
/

*
q

q q

z zln
15z s

e e0

( )
( )

( )
k

=
-

/

where *q [K] and
*

q [g kg−1] are the turbulent scales of temperature andmoisture, respectively. The
relationships between the stability parameters z ( z L= / )were determined, and the atmospheric stability was
calculated as shown in (i) and (ii) (Dyer 1974). In the case of (i) or (ii), calculations were conducted using
equations (16)–(18), and then, the stability functions ( ,MY ,TY and EY )were calculated using z the calculated
values for each observation height (z ,v z ,t and ze).

(i) 0z > (stable atmospheric condition)

1 5 16M T E ( )zY = Y = Y = +

(ii) 0z < (unstable atmospheric condition)

1 16 17M
1
4( ) ( )zY = - -

1 16 18T E
1
2( ) ( )zY = Y = - -

This study defined thatwhen z is positive, the boundary layer is stable, andwhen z is negative, the boundary
layer is unstable, and the neutral condition is defined 0.01 .∣ ∣z < In the case of z∞, whichmeans L 0, this
study assumed no turbulence occurred in each time step.

*u , *,q and
*

q considering atmospheric stability were recalculated using following equations (19)–(21).

*u
U

z zln
19

v v M0[ ( ) ]
( )k

=
- Y/

* z zln
20z s

t t T0

( )
[ ( ) ]

( )q
k q q

=
-

- Y/

*
q

q q

z zln
21z s

e e E0

( )
[ ( ) ]

( )
k

=
-

- Y/

Because L is a function of *u , *,q and
*

q , this study conducted an iteration loop between equations (13) and
(16)–(21) until L was converged towithin 0.001%of the previous value of L.Using the converged L, calculations
in equations (16)–(18)were conducted. The values of C ,H C ,E H , and E were calculated using equations (4), (5),
(22), and (23).

C
z z z zln ln

22H
v v M t t T

2

0 0{[ ( ) ][ ( ) ]}
( )k

=
- Y - Y/ /
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C
z z z zln ln

23E
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2

0 0{[ ( ) ][ ( ) ]}
( )k

=
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Rainfall energyflux is the sensible heat supplied by raindrops. Qr was calculated using equation (6). Pr [m
s−1] is the rainfall intensity, wr (=1000 [kgm−3]) is the density of thewater, cw (= 4.21 [kJ K−1 kg−1]) is the
specific heat capacity of thewater, andTr is the temperature of a rain drop, which is considered equal toTz in this
study. This study neglected the subsurface energyflux because its contribution to the surface energy balance is
small (e.g. Andreassen et al 2008, Sicart et al 2008). In addition, this assumption is appliedwidely during the
ablation period, because the entire snowpack is assumed to be 0 °C in that period. Therefore, this study discussed
the results of surface energy balance analysis during the ablation period (in table 5 andfigure 4).

3. Result

3.1.Meteorological observation data
The annualmean air temperature and the annual amount of precipitation inKamikochi, Norikura, andNishi-
Hodaka are shown in table 3.However, annual precipitationwas not calculated because all year precipitation
observations in AWS-Hwere not conducted. The annualmean air temperatures inKamikochi, Norikura, and
Nishi-Hodakawere 5.8 °C, 5.5 °C, and 1.3 °C, respectively. The annual ranges of air temperature inKamikochi,
Norikura, andNishi-Hodakawere 25.7 °C, 24.7 °C, and 26.0 °C, respectively. The annual cumulative
precipitation inKamikochi andNorikurawere 2692mmand 1946mm, respectively.

Meteorological observation data during the snow-covered period of 2016/17 inAWS-K, AWS-N, andAWS-
Hare shown infigure 2. The air temperature difference betweenAWS-K andAWS-Nwas small, and a similar
fluctuation of air temperature inAWS-K andAWS-Nwas observed. The air temperature inAWS-Hwas lower
than that in the other two sites, reflecting a difference in the elevation of the AWS location. The positive air
temperaturewas observed after early April in AWS-K andAWS-N, and after late April AWS-H.Nonoticeable
differences in specific humidity were found.However, the specific humidity in the AWS-Hwas slightly higher
than that in the other both sites. Thefluctuation in specific humidity at all sites was similar. Thewind speed at
AWS-Hwas higher than that in the other two sites, and thewind speed inAWS-Nwas slightly lower than that in
AWS-K. Themeanwind speed during the snow-covered period inAWS-Hwas over 2.5 times higher than that in
the other two sites. The snowdepth inAWS-Hwasmuch larger than that in the other two sites. Themaximum
snowdepths in 2016/17 inAWS-H, AWS-K, andAWS-Nwere 676 cm, 165 cm and 159 cm, respectively.
Decreasing snowdepthwas observed in all sites after early April.

3.2. Surface energy balance analysis
All locations showed distinct surface energy balance properties, thosewere (1)net shortwave radiation
controlled SEB variation and (2) an energy loss due to negative latent heatflux. The analysis of the surface energy
balance during the ablation period is shown in table 4, and the energy flux infigure 3. Thefigures showing each
energy balance component’s contribution ratio in the text and table 4were calculated by dividing an energyflux
(e.g., net shortwave radiation, net longwave radiation) by the total energyflux (SEB). Net shortwave radiation is
themost dominant energy source at all sites (over 100%), and the secondmajor energy fluxwas the sensible heat
flux.Net longwave radiationwas the largest source of energy loss at all sites. Latent heatfluxwas the second
source of energy loss at AWS-K andAWS-N, but it was the third largest source of positive energyflux at AWS-H.
Rainfall energyflux hardly contributed to the snow ablation at all sites. This resulted in a radiation component
that controlled the surface energy balance variation and snow ablation process.

The trends observed at each site can be summarized as follows: The surface energy balancewas controlled by
net shortwave radiation inAWS-K, which is 155.3% against SEB. The other significant energy fluxwas the
sensible heatflux (30.8%). The net longwave radiation and latent heatfluxwere the energy sink and cooled the

Table 3.Annualmean air temperature [°C], the annual range of air temperature [°C], and their standard deviation (SD) in Kamikochi,
Norikura, andNishi-Hodaka, and annual cumulative precipitation [mm] and its standard deviation inKamikochi andNorikura.

Air temperature [°C] Precipitation [mm]

region Kamikochi Norikura Nishi-Hodaka Kamikochi Norikura Nishi-Hodaka

period 2010–2018 2003–2018 2010–2018 2007–2018 2007–2018

annualmean 5.8 5.5 1.3 Annual cumulative 2692 1946 no data

SD 0.7 0.5 0.6 SD 283 278 no data

annual range 25.2 24.7 25.8 — — —

SD 1.1 1.2 1.4 — — —
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snow surface at−70.6% and−19.9%, respectively. The energy loss due to longwave radiation emission and
latent heatflux inAWS-Kwasmore extensive than that of the other two sites. The rainfall energyfluxwas a small
source of energy (1.9%).

Figure 2.Result ofmeteorological observation inAWS-K (Kamikochi), AWS-N (Norikura), andAWS-H (Nishi-Hodaka); dailymean
(a) air temperature [°C], (b) atmospheric specific humidity [g kg−1], (c)wind speed [ms−1] and (d) snow depth [cm] in snow-covered
period. Figures in each graph are averaged values for the snow-covered period.

8
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Table 4.Result of energy balance analysis for the ablation period in AWS-K (Kamikochi), AWS-N (Norikura), andAWS-H (Nishi-Hodaka). Respective energy flux formonthlymean and average of snow-covered periods are shown on the
left. The values in parentheses show the proportion of SEB (QM). Figures in themonthwith ‘ * ’ showing thosefigures do notmeet statistical significance due to a data shortage.

SEB

Net shortwave

radiation Net longwave radiation Sensible heat flux Latent heatflux Rainfall energy flux

Wm−2 (%) Wm−2 (%) Wm−2 (%) Wm−2 (%) Wm−2 (%) Wm−2 (%)

AWS-K Feb. 8.5 (100.0) 28.3 (331.2) −20.3 (−237.4) 7.7 (89.9) −6.4 (−75.2) 0.2 (2.3)
Mar. 16.0 (100.0) 43.0 (268.6) −26.1 (−163.1) 6.0 (37.5) −8.1 (−50.4) 0.0 (0.0)
Apr. 76.8 (100.0) 85.1 (110.8) −19.9 (−25.9) 13.6 (17.7) −4.7 (−6.1) 2.2 (2.9)
May * 175.9 (100.0) 170.8 (97.1) −12.1 (−6.9) 17.3 (9.9) −0.3 (−0.2) 0.1 (0.1)
June — — — — — — — — — — — —

July — — — — — — — — — — — —

ALL 28.0 (100.0) 43.4 (155.3) −19.7 (−70.6) 8.6 (30.8) −5.6 (−19.9) 0.5 (1.9)
AWS-N Feb. 17.6 (100.0) 28.7 (162.8) −15.3 (−86.9) 5.4 (30.9) −1.3 (−7.6) 0.0 (0.0)

Mar. 37.7 (100.0) 58.9 (156.2) −24.1 (−63.8) 4.8 (12.7) −3.8 (−9.9) 0.0 (0.0)
Apr. 95.7 (100.0) 100.5 (104.9) −14.5 (−15.1) 8.3 (8.6) 0.0 (0.0) 0.9 (0.9)
May * 147.7 (100.0) 147.4 (99.9) −13.4 (−9.1) 10.8 (7.3) 2.2 (1.5) 0.6 (0.4)
June — — — — — — — — — — — —

July — — — — — — — — — — — —

ALL 36.9 (100.0) 48.4 (131.3) −17.2 (−46.6) 5.9 (15.9) −1.2 (−3.3) 0.2 (0.6)
AWS-H Feb. 19.4 (100.0) 42.5 (218.7) −25.3 (−130.0) 1.2 (6.2) 0.1 (0.4) NoData NoData

Mar. 26.7 (100.0) 43.3 (162.0) −19.2 (−71.7) 1.9 (7.1) −0.9 (−3.4) NoData NoData

Apr. 72.4 (100.0) 96.2 (132.8) −30.1 (−41.6) 6.1 (8.5) −2.2 (−3.1) 1.0 (1.3)
May 192.4 (100.0) 177.7 (92.3) −11.5 (−6.0) 19.7 (10.2) 5.8 (3.0) 0.8 (0.4)
June 225.5 (100.0) 181.7 (80.6) −1.5 (−0.6) 25.1 (11.1) 18.4 (8.2) 1.7 (0.8)
July * 311.8 (100.0) 23.0 (7.4) 65.2 (20.9) 77.1 (24.7) 98.3 (31.5) 48.1 (15.4)
ALL 80.8 (100.0) 87.7 (108.6) −18.4 (−22.8) 8.0 (9.9) 2.2 (2.7) 0.8 (1.0)
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The surface energy balance property in AWS-Nwas similar to that in AWS-K. The largest energy sourcewas
net shortwave radiation (131.3%), and the secondwas a sensible heat flux (15.9%). In contrast, the greatest
energy sinkwas net longwave radiation (−46.6%), followed by the latent heatflux (−3.3%). The rainfall energy
fluxwas also a small positive energy source (0.6%).

The surface energy balance property at AWS-Hwas also similar to those inAWS-K andAWS-N.However,
the amount of net shortwave radiation (108.6%) and the sensible heatflux (9.9%)were larger than those of
AWS-K andAWS-N. Latent heatfluxwas negative inMarch andApril (slightly positive in February), and then it
turned to positive betweenMay and July.

4.Discussion

4.1. Surface energy balance inNorthern Japanese Alps region
Weevaluated the surface energy balance properties for theNorthern Japanese Alps: (1)net radiation that
controlled the surface energy balance variation, and (2)negative latent heatflux (sublimation) in themid-winter
season.Net radiation contributed significantly (over 80%) to snow ablation in theNorthern Japanese Alps, due
to high net shortwave radiation (over 100%). The ablation-dominating shortwave radiation (e.g. Greuell and
Smeets 2001) has been reported on bymany previous studies. Therefore, a special snow ablationmechanism
could not be recognized in theNorthern Japanese Alps.

The surface energy balance properties of (1) and (2) described abovewere similar to continental climate
regions (Willis et al 2002), suggesting that the snow cover was ablates in relatively dry atmospheric conditions
during thewinter season. Shortwave radiation increases due to less cloud formation (Abermann et al 2019) and
energy sink in sublimation from snowpackwhen it is dry (Sicart et al 2005). The Japanese climate is considered
maritime; therefore, there are reports on surface energy balance analyses formaritime climates (e.g.Matsumoto
et al 2010). However, the surface energy balance property in continental climate region noted in Sicart et al
(2005)was also confirmed in this study region in themid-winter season.

This study reviewed previous reports and classified the surface energy balance according to continental or
maritime climate (partly referring toWillis et al (2002) andGiesen et al (2008)). The results of the review are
shown in table 5 andfigure 4. The surface energy balance analysis data of this study listed in table 5 are only for
the ablation period. Radiation elements are generally dominant (e.g. Sicart et al 2005) in continental climate
region, and turbulent energyflux, in contrast, dominates the surface energy balance (e.g. Gillett and
Cullen 2011). Data in this study listed in table 5 are similar to the surface energy balance property one expects of a
continental climate region. Accumulated and ablated snow cover in relatively dry atmospheric, continental
climate, conditions in this study are a newdescription, because the Japanese seasonal snow cover accumulation
and ablationwas generally thought to be governed by themaritime climate.

The high humidity airmass is advected to Japan caused by the East Asianmonsoon, and steep elevation
gradients in the region from the coast of the Sea of Japan to the Japanese Alps formed the dry atmospheric
conditions (see figure 5). Awarm and humid airmass from the Eurasian continent is supplied to the coastal area
of the Sea of Japan (Magono et al 1966)due to three factors:

Figure 3.Result of energy balance analysis in AWS-K (Kamikochi), AWS-N (Norikura), andAWS-H (Nishi-Hodaka). Amonth is
divided into three parts, which are the first ten days of themonth (1st to 10th), followed by the next ten days (11th to 20th), andfinally
the remainder of themonth (21st to the end of themonth), and variation of each energy component shown.Data plot symbol
represented by a diamond does notmeet statistical significance due to a data shortage.
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Table 5.Data used from the previous study infigure 4: study location, latitude, altitude, climate classification, observation period, and the surface energy balance.

Location Observation Period Surface Energy Flux (%)
References

Site Country Latitude Altitude (m) Climate Rnet H E

Kamikochi Japan 36°N 1490 Apr. 2017 — May 2017 85 16 −4 this study

Norikura Japan 36°N 1590 Feb. 2017 — May 2017 92 10 −3 this study

Nishi-Hodaka Japan 36°N 2355 Mar. 2017 — Jul. 2017 83 11 5 this study

PeytoGlacier, Alberta Canada 51°N 2500 Continental Jun. 1988 — Jul. 1988 51 42 7 Munro (1990)
PeytoGlacier, Alberta Canada 51°N 2300 Continental Jun. 1988 — Jul. 1988 65 34 1 Munro (1990)
PeytoGlacier, Alberta Canada 51°N 2510 Continental Jul. 1970 44 48 8 Föhn (1973)
Hintereisferner Austria 46°N 2500 Continental Jul. 1986 91 10 −2 van deWal et al (1992)
Hintereisferner Austria 46°N 2630 Continental Jul. 1989 93 20 −13 van deWal et al (1992)
Niwot Ridge, CO USA 40°N 3517 Continental Apr. 1994 — Jun. 1994 75 56 −31 Cline (1997)
Valee Blanche France 45°N 3550 Continental Jul. 1968 99 24 −23 De laCasiniere (1974)
St SorlineGlacier France 2712 Continental Aug. — Sep. 1969 and 1970 61 46 −1 Martin (1975)
Storglaciären Sweden 68°N 1370 Maritime Jul. 1994 — Aug. 1994 66 30 5 Hock andHolmgren (1996)
Qamanârssûp sermia Greenland 64°N 790 Maritime Jun. 1980 — Aug. 1986 67 38 −5 Braithwaite andOlesen (1990)
EcologyGlacier, KingGeorge Island Antarctica 62° S 100 Maritime Dec. 1990 — Jan. 1991 64 29 7 Bintanja (1995)
WorthingtonGlacier, AK USA 61°N Maritime Jul. 1967 — Aug. 1967 51 29 21 Streten andWendler (1968)
WorthingtonGlacier Alaska 61°N 820 Maritime Jul. 1967 — Aug. 1967 51 29 20 Streten andWendler (1968)
Qamanârssûp sermia Greenland 61°N 880 Maritime Jun. 1979 — Aug. 1983 70 28 2 Braithwaite andOlesen (1990)
LemonCreekGlacier Alaska 58°N 1200 Maritime Aug. 1968 — Aug. 1968 48 43 9 Wendler and Streten (1969)
KryotoGlacier Russia 55°N 810 Maritime Aug. 2000 — Sep. 2000 33 44 23 Konya et al (2004)
HodgesGlacier SouthGeorgia 54° S 375 Maritime Nov. 1973 — Apr. 1974 55 48 −3 Hogg et al (1982)
Glacier Lengua Chile 53° S 450 Maritime Feb. 2000 — Apr. 2000 35 54 7 Schneider et al (2007)
Tyndall Glacier Chile 51° S 700 Maritime Dec. 1993 51 42 7 Takeuchi et al (1995a, 1995b)
MorenoGlacier Chile 50° S 330 Maritime Nov. 1993 54 49 −4 Takeuchi et al (1995a, 1995b)
AmpereGlacier Kerguelen Island 49° S Maritime Jan. 1972 — Mar. 1972 58 25 16 Poggi (1977)
Soler Glacier Chile 46° S 378 Maritime Nov. 1985 57 43 −1 Fukami andNaruse (1987)
BrewsterGlacier NewZealand 44° S 1770 Maritime Dec. 2007 — Mar. 2008 52 25 20 Gillett andCullen (2011)
BrewsterGlacier NewZealand 44° S 1760 Maritime Oct. 2010 — Sep. 2012 64 23 11 Cullen andConway (2015)
BrewsterGlacier NewZealand 44° S 1760 Maritime Oct. 2010 — Sep. 2012 37 53 3 Conway andCullen (2016)
Franz Josef Glacier NewZealand 43° S Maritime Feb. 1990 21 55 25 Ishikawa et al (1992)
MountCookNational Park NewZealand 43° S Maritime Oct. 1995 — Nov. 1995 63 27 4 Neale and Fitzharris (1997)
Temple Basin NewZealand 42° S 1450 Maritime Oct. 1982 — Nov. 1982 16 57 25 Moore andOwens (1984)
Niigata Japan 37°N 360 Maritime Dec. 2007 — Apr. 2008 80 16 3 Matsumoto et al (2010)
BlueGlacier,WA USA Maritime Jul. 1958 — Aug. 1958 69 25 6 LaChapelle (1959)
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Table 5. (Continued.)

Location Observation Period Surface Energy Flux (%)
References

Site Country Latitude Altitude (m) Climate Rnet H E

Location Observation Period Surface Energy Flux (%) Reference

Site Country Latitude Altitude (m) Climate Rnet H E

Berkner Island Antarctica 79° S 886 Others Feb. 1995 — Dec. 1997 −91 108 −17 Reijmer et al (1999)
McCall Glacier Alaska 69°N 1715 Others Jun. 2004 — Aug. 2004 74 25 5 Klok et al (2005)
Storglaciären Sweden 67°N 1370 Others Jul. 2000 — Sep. 2000 55 32 13 Sicart et al (2008)
Vestari Hagafellsjökull Iceland 64°N 500 Others Jun. 2001 — Aug. 2007 63 27 10 Matthews et al (2015)
Vestari Hagafellsjökull Iceland 64°N 1100 Others Jun. 2001 — Aug. 2009 74 20 6 Matthews et al (2015)
WestGulkanaGlacier Alaska 63°N 1520 Others Jun. 1986 — Jul. 1986 57 35 8 Brazel et al (1992)
Storbreen Norway 62°N 1600 Others Jul. 1955 — Sep. 1955 56 31 13 Liestøl (1967)
Storbreen Norway 62°N 1570 Others Sep. 2001 — Sep. 2006 76 17 8 Giesen et al (2009)
Nordbogletscher Greenland 61°N 880 Others Jun. 1979 — Aug. 1983 71 29 2 Braithwaite andOlesen (1990)
Omnsbreen Norway 60°N 1540 Others Jun. 1968 — Sep. 1969 52 32 15 Messel (1971)
Midtdalsbreen Norway 60°N 1450 Others Oct. 2000 — Sep. 2006 67 24 10 Giesen et al (2008)
Midtdalsbreen Norway 60°N 1450 Others Sep. 2001 — Sep. 2006 66 25 11 Giesen et al (2009)
Pasterze Austria 47°N 2205 Others Jun. 1994 — Aug. 1994 77 20 4 Greuell and Smeets (2001)
Pasterze Austria 47°N 2310 Others Jun. 1994 — Aug. 1994 73 22 5 Greuell and Smeets (2001)
Pasterze Austria 47°N 2420 Others Jun. 1994 — Aug. 1994 72 24 4 Greuell and Smeets (2001)
Pasterze Austria 47°N 2945 Others Jun. 1994 — Aug. 1994 77 19 4 Greuell and Smeets (2001)
Pasterze Austria 47°N 3225 Others Jun. 1994 — Aug. 1994 79 20 1 Greuell and Smeets (2001)
St Sorlin France 45°N 2760 Others Jul. 2006 — Aug. 2006 84 22 −5 Sicart et al (2008)
IndianHimalaya India 32°N 3050 Others Jan. 2005 — Apr. 2005 98 3 −1 Datt et al (2008)
ZongoGlacier Bolivia 16° S 5050 Others Nov. 1999 — Dec. 1999 103 24 −27 Sicart et al (2008)
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(1) Siberian anticyclone formation on the East Eurasian continent inwinter

(2) Cyclones in the PacificOcean

(3) Large amounts of heat and vapor from warm superficial Tsushima currents in the Sea of Japan
(Kurooka 1957,Ninomiya 1968)

Thismechanism is known as the representative Japanesewintermonsoon. It yields heavy snowfall in the
coastal areas because the humid airmass originating from thewintermonsoon is forced to lift over theNorthern
Japanese Alps (Estoque andNinomiya 1976). Precipitation rarely occurs in the island area due to typical
meteorological conditions. There is an amount of precipitation gradient between thewindward (northwest)
area and the lee side (south east) area of theNorthern Japanese Alps. A precipitation gradient similar to that in
theNorthern Japanese Alpswas reported byViale et al (2019). It showed that an East-West precipitation gradient

Figure 4.Triangular diagram showing three energy components, net radiation, sensible heatflux and latent heat flux, of the previous
study in table 5.

Figure 5.Mechanism that forms the specific atmospheric condition and the surface energy balance property in theNorthern Japanese
Alps.
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in Patagonia, Chilemade a distinction in climate between thewindward area and the lee side area in theAndes
Mountains.Moreover, Ikeda et al (2009) also showed that the climate condition in the lee side of theNorthern
Japanese Alps is dry, it is based on the snowpack observation of physical properties. The specificity of our surface
energy balance analysis was established in addition to Ikeda et al (2009), themechanism of snowfall in Japan, and
the environment of seasonal snow cover.

4.2. Surface energy balance properties inKamikochi, Norikura highland andNishi-Hodaka
The topographic condition, surrounding vegetation, and elevation difference are specific surface energy balance
properties in AWS-K, AWS-N, andAWS-H.AWS-K is located at the bottomof a valley terrain; a cold air pool is
typically formed.When a cold air pool is formed, a stable stratification in the boundary layer and radiation
cooling occurs, and sublimation of the snowpack further cooled the snow surface further. Snowpack cooling
frequently occurs in the AWS-K. The surface energy balance property in AWS-N resembled that of in AWS-K.
There is no distinct difference in air temperature and atmospheric specific humidity with AWS-K andAWS-N.
However, the turbulent energy flux inAWS-Nwas smaller than that of in AWS-K. Surrounding vegetation
allowed thewind speed to decrease, resulting in the increased formation of a stable boundary layer and
restraining turbulence.

The differences in air temperature due to the atmospheric pressure and the amount of snowfall among in
AWS-K, AWS-N, andAWS-Hmake the characteristic of surface energy balance inAWS-H. Themajor
meteorological differences amongAWS-K andAWS-N against AWS-H are as follows: in AWS-H, (1) a period in
which the dailymean air temperature turns to be positive is later and (2) the snow-covered duration is longer
than those in the AWS-K andAWS-N. Thus, significant snow ablation inAWS-Hbegins later and stronger snow
melt occurred in the late ablation period than those in the other two sites. In addition, incoming shortwave
radiation, air temperature, and atmospheric humidity increase with time. This consideration, therefore, reveals
the characteristics of AWS-H, that is, net shortwave radiation and turbulent heat flux large in the late ablation
period, and rapid snow ablation is occurred, as well as the difference in the surface energy balance properties
among the three AWS sites located in the same climate region.

5. Conclusion

Wediscussed the surface energy properties of theNorthern Japanese Alps, Kamikochi, Norikura highland, and
Nishi-Hodaka. The surface energy balance property in this regionwas similar to that in the continental climate
region because of the Japanese specific climate (wintermonsoon) and topographic (steep elevation gradient)
conditions of the Japanese Alps. The representative Japanesewintermonsoon supplies warm andhumid air
masses to the Japanese Alps, resulting in heavy snowfall in the coastal areas. This forms a climate contrast
between thewindward and leeward areas of theNorthern Japanese Alps. Therefore, we conclude that the
seasonal snow cover on the lee side of theNorthern Japanese Alpswas formed under relatively dry atmospheric
conditions. This is a new finding, consideredwith a surface energy balance analysis. Some areas in the Japanese
Alps are dry, while the Japanese climate is usually regarded as amaritime climate.

Therewere some area-specific surface energy balance properties inKamikochi, Norikura highland and
Nishi-Hodaka. These properties were affected by the topographic conditions inKamikochi, surrounding
vegetation in theNorikura highland, and low air temperature conditions inNishi-Hodaka due to the high
elevation. TheAWS sites are only approximately 10 km apart; however, a unique surface energy balance
property was found for each site.
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