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 constant  

symbol term value dimension 

Ci specific heat of ice 2.1 kJ K−1 kg−1 

Cp specific heat of air 1005 J kg 1 K 1 

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

g gravitational acceleration 9.81 m s 2 

lF latent heat of melt 33.4 kJ kg 1 

ε emissivity of snow 1 dimensionless 

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

κ von Karman constant 0.41 dimensionless 

ρw water density 1000 kg m 3 

 variable   

symbol term dimension 

CC cold content   kJ m⁻2 

CD drag coefficient   dimensionless 

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 snow depth   m 

E latent heat flux   W m 2 

EN neutral latent heat flux   W m 2 

H sensible heat flux   W m 2 

HN neutral sensible heat flux   W m 2 

L Obukhov stability length   m 

LWin incoming longwave radiation   W m 2 

LWnet net longwave radiation   W m 2 

LWout outgoing longwave radiation   W m 2 

M amount of snow melt   mm w.e. 

Pr precipitation   m 

Qf freezing heat of water   kJ m⁻2 

QM snow melt energy   W m 2 



 

viii 

 

 variable  

symbol term dimension 

Qp advected heat from rain W m 2 

qa atmospheric specific humidity g g−1 

qs specific humidity of snow surface g g−1 

Rnet net radiation W m 2 

SWin incoming shortwave radiation W m 2 

SWin,day diurnal mean incoming shortwave radiation W m 2 

SWnet net shortwave radiation W m 2 

SWref reflected shortwave radiation W m 2 

Ta air temperature K 

Tas averaged temperature of each layer of snowpack K 

Tday diurnal mean air temperature K 

Ts skin temperature K 

Tv virtual air temperature K 

U wind speed m s 1 

u* air shear velocity m s 1 

z height of observation for wind speed m 

z0 roughness length for momentum m 

zE roughness length for vapor m 

ρa atmospheric density g m 3 

ρs snow density g m 3 

α albedo dimensionless 

ζ stability parameter dimensionless 

ι latent heat of vaporization J g 1 

ν kinematic viscosity m2 s 1 

ΨM, ΨT, ΨE stability function dimensionless 

 abbreviation  

symbol term dimension 

CC cold content kJ m⁻2 

DDF degree-day factor dimensionless 

ROS Rain-on-Snow  

SEB surface energy balance W m 2 

w.e. water equivalent  
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 (Temperature-Index model) 
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 ( AMeDAS Automated 

Meteorological Data Acquisition System) 

 ( , 2001, 2002) 
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 (Auto Weather Station: AWS) 

3 AWS-K AWS-N AWS-H

 ( 1) 3  [˚C]  [%]  [W m−2]

 [W m−2]  [W m−2]  [W m−2]

 [mm]  [hPa]  [m s−1]  [cm] 

1

AWS-K AMeDAS  ( ) AWS-

N AWS-N 1.8 km 1450 m  (Nrk-St.) 

AWS-H

AWS-K

10 60 10

60 60

3 2

5 Kmk-St. ( 1) 
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1 AWS-K ( ) AWS-N ( ) AWS-H ( ) 

 

Table 1. List of meteorological observation instruments and observation period in AWS-K 

(Kamikochi), AWS-N (Norikura) and AWS-H (Nishi-Hodaka). 

 

 

Observation Components Accuracy

Air Temperature ± 0.3�
± 3% 0 90%RH  8, Jan., 2014 17,Apr., 2018

± 5% 90 100%RH

± 0.5 hPa (0 30�)

± 1 hPa (-52 60�)

Shortwave Radiation ±  5% daily integration

Longwave Radiation ± 10% daily integration

Snow Depth Snow Depth North one KADEC21-SNOW ±  1cm  8, Jan., 2014 17,Apr., 2018

Wind Speed and Wind

Direction
Wind Speed YOUNG Model 05103 Wind Monitor ± 0.3 m s

1  6,Dec., 2016 17,Apr., 2018

Lysimeter Snowmelt Runoff Nissei Keiki J-271-01 500 mL / 1 Pulse 15,Nov., 2017 17,Apr., 2018

± 0.3� (-20 80�)

± 0.5� (-40 20�)

Observation Components Accuracy

Air Temperature ± 0.2

± 2% 10 90%RH 18,Nov., 2002 4, Mar., 2017

± 2.5% in the remaining range

Atmospheric Pressure Atmospheric Pressure Delta OHM HD9408T ± 0.5 hPa (20�) 18,Nov., 2002 4, Mar., 2017

Shortwave Radiation ±  5% daily integration

Longwave Radiation ± 10% daily integration

Snow Depth Snow Depth North one KADEC21-SNOW ±  1cm 18,Nov., 2002 4, Mar., 2017

Wind Speed and Wind

Direction
Wind Speed YOUNG Model 05103 Wind Monitor ± 0.3 m s

1 18,Nov., 2002 4, Mar., 2017

Precipitation Precipitation
Ota Keiki

Seisakusho

34-HP-P

(Tipping Bucket Type)

± 0.5 mm (under 20 mm)

± 3% (over 20 mm)
17,Mar., 2006 4, Mar., 2017

Observation Components Accuracy

Air Temperature ± 0.2

± 2% 10 90%RH 19,Oct., 2008 30,June, 2018

± 2.5% in the remaining range

Atmospheric Pressure Atmospheric Pressure Delta OHM HD9408T ± 0.5 hPa (20�) 19,Oct., 2008 30,June, 2018

Shortwave Radiation ±  5% daily integration

Longwave Radiation ± 10% daily integration

Snow Depth Snow Depth North one KADEC21-SNOW ±  1cm  3,Nov., 2015 30,June, 2018

Wind Speed and Wind

Direction
Wind Speed YOUNG Model 05103 Wind Monitor ± 0.3 m s

1 19,Oct., 2008 30,June, 2018

Oct., 2013 30,

Precipitation Precipitation
Ota Keiki

Seisakusho

34-HP-P

(Tipping Bucket Type)

± 0.5 mm (under 20 mm)

±  3% (over 20 mm)

Radiation KIPP  ZONEN CNR 4

Radiation KIPP  ZONEN CNR 4

Instrument

AWS-H

Observation Period

Air Temperature and

Related Humidity
Delta OHM HD9817T1R

Related Humidity

June, 201821,

Instrument

Air Temperature and

Related Humidity
Delta OHM HD9817T1R

Related Humidity

AWS-K

2016 17,Apr., 2018

Atmospheric Pressure Atmospheric Pressure Vaisala WXT520  8, Jan., 2014

Radiation KIPP  ZONEN CNR 4

Instrument

Air Temperature and

Related Humidity
Vaisala WXT520

Related Humidity

Observation Period

 6,Dec.,

Snow Temperature Temperature T and D RTR-502 (TR-5106)

AWS-N

Observation Period

15,Nov., 2017 17,Apr.,

2011 4, Mar., 2017

17,Apr., 2018

19,Oct., 2008 30,June, 2018

2018

23,Nov.,
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1 AWS-K AWS-N AWS-H

 ( )  

Figure 1. Map of study site showing meteorological observation sites and Japanese central alpine 

region. AWS-K AWS-N and AWS-H show the meteorological observation site in Kamikochi, 

Norikura and Nishi-Hodaka, respectively (Map source: Geospatial Information Authority of Japan). 
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2 AWS-K ( ) AWS-N ( ) AWS-H ( ) 

 

Table 2. Periods of the energy balance analysis in AWS-K (Kamikochi), AWS-N (Norikura) and AWS-

H (Nishi-Hodaka). 

 

 

 (

Mölg et al., 2008)  (1) 

 (4), (5) 

 [W m−2] 

lF (= 33.4 [kJ kg−1]) ( , 1994)  (7) M [mm 

w.e.]  

     (1) 

   (2) 

 (3) 

    (4) 

     (5) 

      (6) 

      (7) 

SEB (surface energy balance) [W m−2]  [W m−2]  [W m−2] 

 [W m−2]  [W m−2] SEB

 [W m−2] 

4  ( ) 

  (= 5.67×10−8 [W 

m−2 K−4])  ( 1; Conway and Cullen, 2016) 

  [˚C] 

 [kg m−3]  (= 1.004 [kJ K−1 kg−1])  

Year

2011/12 6, Dec., 2011 30, Apr., 2012

2012/13 17, Nov., 2012 19, Apr., 2013

2013/14 26, Nov., 2013 26, Apr., 2014

2014/15

2015/16 25, Nov., 2015 7, Apr., 2016

2016/17 6, Dec., 2016 4, May, 2017 24, Nov., 2016 4, May, 2017 29, Oct., 2016 2, July, 2017

2017/18 15, Nov., 2017 17, Apr., 2018 26, Oct., 2017 30, June, 2018

AWS-NAWS-K AWS-H
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  [m s−1]  [˚C] 

 [J g−1]  [kg kg−1]  [kg kg−1] 

s a z [m] 

  ( 1000 [kg m−3])   ( 4.21 [kJ K−1 

kg−1])  [mm] 1.7 ̊ C ( 1994) 

Nrk-St. AWS-N

1.7 ̊ C

Rain-on-Snow (ROS) 

 

 (4), (5) 

H E

N (Neutral) 

Verburg and Antenucci (2010) 

 

 (8)  

    (8) 

 [m] 

  m   [m s−1]  

(9)  ( 0.41)  

     (9) 

 (10)  

      (10) 

(9), (10)  0.001%

 

(8)  (11), (12)  (

H E)  

    (11) 

     (12) 

L [m] ζ  (13), (14) 
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     (13) 

      (14) 

L

(14) ζ  (ⅰ)  (ⅱ) 

 (15) (17)  (18) (20) 

M T E

   

(ⅰ)  ( ) 

       (15) 

   (16) 

            (17) 

(ⅱ)  ( ) 

   (18) 

      (19) 

       (20) 

 (21)  

      (21) 

 (9)  (10) 

  (4), (5), (22) H

E  

     (22) 

(13) 

(4) - (22) 0.001%

, , L, , , 
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2500

3000 m

 

1490 m

 

1 2 1.5.1

AWS-K

2 m 500 mL

9

15

0

 

AWS-K

2017 12 7 2018 4 17 0 cm

180 cm 20 cm

0℃

 (Cold Content: CC [kJ m−2])  (23)  (DeWalle and 

Rango, 2008) 20 cm CC = 0.2 

[m]  [kg m−3] 20 cm

 ( 2.1 [kJ K−1 kg−1])  

    (23) 

 [kJ m−2] 
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 (24) 

10

 

     (24) 

SEB

CC ROS

 

AWS-K AWS-H 1 AWS-K AWS-H

1 1 AWS-H AWS-K

AWS-H AWS-K

13 12 1  

AWS-K

3 cm 1

 

AWS-K 2017 2018 5.0℃ 6.0℃

7.5 hPa 8.0 hPa 1.0 m s−1 0.9 m s−1

2016/17 2017/18 −3.3℃ −3.6℃

2016/17 1 2017/18 2 −7.1℃ −7.6℃

3.7 hPa 2016/17

2017/18 1.3 m s−1 1.4 m s−1

 

AWS-K  

AWS-K 2 2016/17

2017/18 55 62 AWS-K

−20℃ 8 10 AWS-K
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2 AWS-K ( ) AWS-K

 

Figure 2. The day occurring a cold air pool in AWS-K (Kamikochi) and minimum air temperature in 

those cases. The color in the figure is the day when the cold air pool occurred, and the minimum 

temperature on the day when the cold air pool occurred is indicated by the color density. 

 

AWS-K 2016/17 2017/18

3

3

2016/17 2017/18

SEB 200%

−100% 10% −20%

3%

 

2016/17 Day
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31

Nov.
Dec.
Jan.
Feb.
Mar.
Apr.
May

2017/18 Day
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31

Nov.
Dec.
Jan.
Feb.
Mar.
Apr.
May

˚C ˚C ˚C ˚C ˚C ˚C 10˚C 10˚C
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3 AWS-K ( )  
Figure 3. Result of the energy balance analysis in AWS-K (Kamikochi) showing a variation of daily 

mean energy components. 
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3 AWS-K ( ) 

 ( ) 

 

Table 3. Result of energy balance analysis in AWS-K (Kamikochi). The values show the percentage 

against the total snow melt energy flux (SEB) and the values in parentheses show the proportion of 

SEB (QM) for each condition. 

 

 

AWS-K

4

Phase Ⅰ Ⅳ Phase Ⅰ (2018 3 2 2018 3 5 )

Phase Ⅱ (2018 3 6 2018 3 25 ) 3 6

1 mm 2 mm

Phase Ⅲ (2018 3 26 2018 4 5 ) 

Phase Ⅲ

PhaseⅢ 3 4

Phase Ⅲ

Phase Ⅳ (2018 4 6 2018 4 17 ) Phase Ⅲ 

Phase Ⅱ 

5 Phase Ⅱ 2018 3

Phase Ⅲ 

W m
-2 % W m

-2 % W m
-2 % W m

-2 % W m
-2 %

2016/17

All Period 43.0 (218.4) -21.6 (-109.7) 1.9 (9.4) -3.5 (-17.6) 0.5 (2.8)

Non Cold Air Pool 37.1 (261.6) -19.9 (-140.7) 2.2 (15.2) -4.1 (-29.2) 0.7 (4.6)

Cold Air Pool 53.4 (182.2) -24.5 (-83.8) 1.3 (4.5) -2.3 (-7.9) 0.3 (1.2)

2017/18

All Period 37.1 (197.1) -17.3 (-92.1) 2.3 (12.0) -3.9 (-20.7) 0.6 (2.9)

Non Cold Air Pool 28.3 (189.8) -12.3 (-82.6) 2.3 (15.3) -4.1 (-27.7) 0.7 (4.4)

Cold Air Pool 50.1 (203.6) -24.8 (-100.7) 2.2 (9.1) -3.5 (-14.3) 0.4 (1.6)

R net

SWnet LWnet

H E Q P
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AWS-K

 ( )  (

) 6

10 mm

4

7

2018 3 6 2018 3 7

385 mm w.e. 2018 3 7

 (2018 4 17 ) 596.4 mm w.e.

AMeDAS 336.0 mm

720.8 mm

3 7 3 7

721 mm

932.4 mm

 

 

4 AWS-K ( ) 

 

Figure 4. Variation of calculated snowmelt rate using energy balance analysis, observed outflow rate 

using a lysimeter method and an amount of precipitation in AWS-K (Kamikochi). 
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5  (%)  

Figure 5. Vertical profile and its variation of weight water content (%). 
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6 AWS-K ( )  ( )

 ( )

Phase 10 

mm  

Figure 6. Correlation for daily outflow water flux (Output Water Flux) and sum of calculated daily 

snow melt using the energy balance analysis and an amount of observed precipitation. Colored plots 

indicate the daily precipitation > 10 mm. 

 

 

7 AWS-K ( )  ( )

 ( )  

Figure 7. Variation of water output flux (outflow), input flux (calculated snowmelt rate and 

precipitation), and snow water equivalent (SWE) in AWS-K (Kamikochi). 
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AWS-K 2016/17 2017/18

37% 41% 2017 1 25 6 00

2017 1 27 6 00 2017 1 26

AWS-K 7 10 −27.1℃ 7 20 −32.7℃

 ( 8)  

( 8)  ( 8)

 ( 8)

 ( 8)  
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8  (2017 1 25 )  (a) AWS-K ( ) 

AWS-H ( ) AWS-K ( )  (b) 

(c) (d) (e) 

 

Figure 8. Variation of (a) air temperature in AWS-K (Kamikochi) and AWS-H (Nishi-Hodaka), and 

skin temperature of snow surface in AWS-K, (b) windspeed and atmospheric specific humidity, (c) 

longwave radiation, (d) turbulent energy flux, and (e) SEB when the cold air pool is formed (25, 

January, 2017). 
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AWS-K

SEB 200%

2016/17 2017/18

100% −17.6% −20.7%

 

AWS-K 5050 

m Zongo  (Sicart et al., 2008) 

Dhundi ( 3050 m)  (Datt et al., 2008) 2

 (Datt et al., 2008; Sicart et al., 2008) Abermann et al. (2019) 

AWS-K

 

0 0

2 AWS-K

1 2

3 4

3 4
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AWS-K

CC 9

20 cm CC

CC  ( 9)

CC

AWS-K CC

1625 kJ m−2 1169 kJ m−2 AWS-K

 

 

 

9  (Cold Content: CC) 

 

Figure 9. Daily variation of Cold Content and observed precipitation. The shaded area in gray indicates 

the Cold Content of the whole snowpack. The dark blue color in the day when precipitation is observed 

indicates a rainfall event, and light blue color also indicates a snowfall event. 
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CC 3 5

3 6 0

4 Phase Ⅱ

1 mm 2 mm

 (1982) 0.4 0.6 mm/day

AWS-K

Phase Ⅲ

Phase Ⅲ 3

1

 ( 1993) 

2018 4 5

Phase Ⅳ 

 ( 7) 1

 ( 4)

 

(Hirashima et al., 2016; Yamaguchi et al., 2018)

AWS-K

 

3 7

721 mm w.e.

720.8 mm 0.2 mm w.e.

932.4 mm 29%
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2500 m 3000 m

1590 m

100 cm

5

10 m  

AWS-N  (25)  

   (25) 

 (=1000 [kg m−3]) 

AWS-N

1 cm

 

Degree-day  ( , 1983) 

Degree-day Model RT Model (Konya et al., 2004) 

Degree-day Model RT Model

 

    (26) 

  (27) 

(26) Degree-day Model (27) RT Model DDF (degree 

day factor) , , , M

 (8 18 )  (  [˚C])  (  

[W m−2]) 

AWS-N

4

7
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4 Degree-day Model RT Model  

Table 4. Results of regression analysis and value of the each model coefficient, R2, standard error (SE) 

and the p value. 

 

 

AWS-N

 (2019) 

 

2011/12 2016/17 5

1 2 −6.7℃ −6.3℃

12 3 4

4.2 hPa 2.8 hPa 6.7 hPa

1 2

1.0 m s−1 10

12 1  ( 5)

 

6 2002

2005 2008

11 3 2004/05 2006/07

2015/16 4 5 2002/03 2003/04 2014/15

2015/16

 

 ( 7)  

11 12 2012/13 2014/15

11  2003/04 2004/05 2006/07

12 4

5 2004/05 4 2005/06 5

Model p  value

Degree-day

Model
= 2.44 7.0 p  < 0.01

RT Model a = 0.04 b = 1.16 c = -1.15 4.2 p  < 0.010.85

Model Coefficient R
2 SE

DDF 0.57
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2004/05 111 2014/15 171

2011/12 

23 72 2

2011/12 4

1

2014/15 237 cm 2015/16

96 cm 2 3 2011/12

4 200 cm 2013/14  

2014/15 2014 2  ( , 2014) 2015

2 3  ( , 2015a, b) 

 

 

5  

Table 5. Monthly mean values of each meteorological element and mean values of the four seasons 

during the observation periods. 

 

°C m s
1 hPa W m

2
W m

2
W m

2
W m

2
W m

2

2011 Dec. -5.7 0.9 185 3.3 0.1 17.0 -16.9 43.4 262.5

2012 Jan. -7.5 0.9 168 2.8 -2.5 10.6 -13.1 53.8 256.4

Feb. -6.8 0.9 168 3.1 8.1 21.5 -13.4 77.1 260.2

Mar. -2.5 0.8 156 4.1 20.8 36.9 -16.1 111.0 277.4

Apr. 2.5 0.6 169 5.6 64.7 79.9 -15.2 153.5 296.7

2012 Nov. -1.1 0.8 149 4.6 7.7 32.1 -24.4 55.2 273.0

Dec. -5.2 1.0 159 3.3 -2.7 7.8 -10.6 40.2 236.3

2013 Jan. -7.4 1.2 162 2.8 6.9 16.7 -9.8 59.4 247.4

Feb. -6.5 1.2 181 3.0 4.8 18.2 -13.5 79.2 215.3

Mar. -0.1 0.8 150 4.7 49.2 75.4 -26.2 140.0 283.1

Apr. 2.4 0.9 165 5.1 87.0 108.1 -21.0 184.3 278.6

2013 Nov. 0.1 0.7 137 4.2 5.5 13.5 -7.9 45.0 282.6

Dec. -5.3 0.7 136 3.7 -1.5 6.0 -7.4 38.1 271.8

2014 Jan. -7.0 0.9 164 2.9 0.5 15.8 -15.3 59.2 250.2

Feb. -6.3 0.9 148 3.0 12.7 34.4 -21.7 97.0 249.2

Mar. -2.1 1.0 172 4.1 36.0 60.3 -24.3 138.2 270.8

Apr. 2.7 0.7 142 4.8 80.8 112.4 -31.6 194.2 279.6

2015 Nov. -1.4 0.7 128 5.1 6.5 21.6 -15.1 46.2 285.2

Dec. -2.1 0.7 155 4.8 2.1 14.3 -12.2 40.2 281.1

2016 Jan. -5.4 0.9 160 3.4 1.7 16.1 -14.4 50.9 263.2

Feb. -5.4 0.8 164 3.5 10.9 28.3 -17.5 78.9 258.8

Mar. -1.4 0.7 151 4.4 48.8 72.4 -23.6 144.8 273.8

Apr. 4.4 0.6 189 6.7 73.2 88.5 -15.3 136.5 305.4

2016 Nov. -2.0 0.9 133 5.2 10.8 30.9 -20.1 46.4 278.9

Dec. -2.7 0.9 175 4.7 -1.0 20.8 -21.7 40.0 269.1

2017 Jan. -6.0 1.1 152 4.1 -0.7 15.8 -16.5 48.6 262.0

Feb. -6.3 1.1 161 4.0 7.3 27.6 -20.3 80.7 254.5

Mar. -3.6 0.9 119 4.1 31.4 57.8 -26.4 143.5 259.8

Apr. 2.8 0.8 155 5.2 80.3 99.4 -19.1 178.8 289.9

Nov. -1.1 0.8 137 4.7 7.6 24.5 -16.9 48.2 279.9

Dec. -4.2 0.8 162 4.0 -0.6 13.2 -13.8 40.4 264.2

Jan. -6.7 1.0 161 3.2 1.2 15.0 -13.8 54.4 255.8

Feb. -6.3 1.0 165 3.3 8.8 26.0 -17.3 82.6 247.6

Mar. -1.9 0.8 150 4.3 37.3 60.6 -23.3 135.5 273.0

Apr. 3.0 0.7 164 5.5 77.2 97.6 -20.4 169.5 290.1

Incoming

Shortwave

Radiation

Incoming

Longwave

Radiation

degree

Wind Direction Vapor Pressure Net Radiation
Net Shortwave

Radiation

Net Longwave

Radiation
year month

monthly mean

value in the

observation

period

Air

Temperature
Wind Speed
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10  

Figure 10. Intra-seasonal fluctuation of net shortwave and longwave radiation. 
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6  

Table 6. Deviation of air temperature, vapor pressure, wind speed, and incoming shortwave radiation during the snow-covered period. 

 

 

 

2002/03 2003/04 2004/05 2005/06 2006/07 2007/08 2008/09 2009/10 2010/11 2011/12 2012/13 2013/14 2014/15 2015/16 2016/17
All Season

Average

Nov. 3.5 2.7 0.3 2.4 0.5 0.6 0.9 0.2 1.8 4.1 0.1 2.1 2.7 0.7

Dec. 0.1 0.1 1.9 4.0 1.7 1.1 0.8 0.3 0.7 1.7 1.2 1.3 1.9 1.9 1.3 4.0

Jan. 0.3 1.0 0.3 0.5 2.3 0.3 0.0 0.5 2.2 0.8 0.7 0.3 0.5 1.3 0.8 6.7

Feb. 0.3 0.8 0.3 1.3 2.3 2.5 1.9 1.4 0.7 1.4 1.1 1.0 0.7 0.1 1.0 5.3

Mar. 1.5 0.0 1.0 0.3 0.4 1.2 0.5 1.2 2.5 0.2 2.2 0.1 0.4 0.9 1.4 2.3

Apr. 1.3 1.3 0.8 0.2 0.0 0.2 0.2 1.3 1.4 0.8 0.9 0.9 1.1 1.1 0.5 3.3

May 1.0 1.9 1.1 0.6 0.1 0.6 0.8 0.1 0.7 3.3 9.0

Nov. N.S. 2.2 1.2 0.8 1.0 0.2 0.5 0.6 0.2 0.9 1.3 0.0 0.4 0.6 5.5

Dec. 0.3 0.0 0.3 0.9 0.6 0.4 0.1 0.2 0.3 0.5 0.3 0.1 0.1 1.0 0.5 3.8

Jan. 0.4 0.2 0.9 0.2 0.5 0.1 0.6 0.0 0.5 0.1 0.2 0.0 0.3 0.5 0.3 2.9

Feb. 0.2 0.4 0.5 0.6 0.7 0.4 1.0 0.2 0.1 0.0 0.0 0.3 0.5 0.1 3.0

Mar. 0.2 0.3 0.6 0.4 0.4 0.8 0.9 0.3 0.6 0.5 0.6 0.7 0.9 0.0 3.5

Apr. 1.4 0.3 0.0 0.2 0.8 0.2 0.2 0.3 0.4 0.0 0.4 1.7 1.6 0.7 5.1

May 2.6 4.0 0.5 1.6 0.8 1.4 0.1 6.7

Nov. N.S. 0.2 0.1 0.2 0.1 0.0 0.0 0.2 0.2 0.2 0.1 0.1 0.1 0.2 0.6

Dec. 0.0 0.2 0.0 0.2 0.1 0.0 0.0 0.1 0.1 0.1 0.1 0.1 0.1 0.2 0.1 0.8

Jan. 0.0 0.1 0.0 0.1 0.3 0.0 0.3 0.2 0.1 0.1 0.0 0.1 0.1 0.1 0.1 1.0

Feb. 0.0 0.3 0.3 0.0 0.0 0.2 0.2 0.1 0.0 0.3 0.0 0.0 0.1 0.2 0.9

Mar. 0.1 0.1 0.3 0.2 0.2 0.2 0.0 0.1 0.1 0.1 0.2 0.2 0.2 0.1 0.9

Apr. 0.0 0.3 0.2 0.2 0.1 0.1 0.1 0.1 0.1 0.2 0.1 0.2 0.1 0.1 0.7

May 0.1 0.0 0.2 0.2 0.0 0.1 0.1 0.0 0.1 0.6

Nov. 7.0 3.2 0.2 1.8 169.0

Dec. 3.1 0.2 2.2 0.1 0.6 162.3

Jan. 0.1 5.1 4.8 3.5 5.9 155.8

Feb. 5.5 3.4 14.4 3.7 1.8 148.3

Mar. 24.5 4.5 2.7 9.3 8.0 140.0

Apr. 15.9 14.8 24.7 32.9 9.4 150.8

May

No observation period
Incoming

Shortwave

Radiation
W m

2

Air

Temperature
ºC

Vapor

Pressure
hPa

Wind Speed m s
1
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7 

 (cm)  

Table 7. Observation data of snow cover. The day when snow cover formed and melted, number of 

days of snow-covered period, and day when ablation period started, as well as number of days of 

ablation period and depth (cm) and recorded date of maximum snow depth. 

 

 

2011/12  ( 8, 11)

2014/15 2013/14

4 49%

64%  (11 2 ) 

10.5 W m−2 (11 ) 14.4 W m−2 (2 ) 

2

 

8

160% −60%

2

2% −3%

Start End Days Start Days

2002/03 26, Nov. 1, May 155 181 8, Mar.

2003/04 10, Dec. 23, Apr. 134 168 16, Feb.

2004/05 25, Dec. 16, Apr. 111 153 26, Mar.

2005/06 24, Nov. 11, May 167 180 30, Mar.

2006/07 26, Dec. 26, Apr. 120 153 13, Mar.

2007/08 30, Nov. 30, Apr. 151 170 27, Feb.

2008/09 26, Nov. 30, Apr. 154 149 17, Mar.

2009/10 29, Nov. 5, May. 153 164 7, Feb.

2010/11 2, Dec. 29, Apr. 147 159 9, Mar.

2011/12 1, Dec. 1, May. 147 8, Apr. 23 122 7, Apr.

2012/13 17, Nov. 28, Apr. 153 25, Feb. 54 184 24, Feb.

2013/14 25, Nov. 27, Apr. 152 15, Feb. 71 204 15, Feb.

2014/15 12, Nov. 3, May. 171 237 12, Mar.

2015/16 24, Nov. 8, Apr. 135 10, Feb. 58 96 10, Feb.

2016/17 23, Nov. 5, May. 150 22, Feb. 72 159 23, Feb.

Year

Snow Covered Period Ablation Period Max. Snow Depth

Depth (cm)
Recorded

Date
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3%

8 5

12

�
�

8 AWS-N ( ) 

 ( )  

Table 8. Result of energy balance analysis in AWS-N (Norikura). The values show the percentage 

against the total snow melt energy flux and the values in parentheses show the proportion of SEB 

(QM). 

W m
-2 % W m

-2 % W m
-2 % W m

-2 % W m
-2 %

2011/12 39.1 (170.4) -15.8 (-68.7) 0.6 (2.5) 0.4 (-5.7) 0.3 (1.4)

2012/13 42.9 (168.4) -17.3 (-67.7) 1.1 (4.3) -1.5 (-5.8) 0.2 (0.9)

2013/14 46.1 (184.5) -20.6 (-82.5) 0.8 (3.3) -1.4 (-5.4)

2015/16 38.0 (170.8) -16.0 (-71.8) 0.5 (2.2) -0.8 (-3.4) 0.5 (2.2)

2016/17 46.6 (181.5) -20.7 (-80.5) 0.7 (2.9) -1.2 (-4.7) 0.2 (0.8)

No Data

Rnet

SWnet LWnet

H E QP
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11 AWS-N ( )  

Figure 11. Results of the energy balance analysis. The energy elements are the daily mean values. 

�
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12 2012/13

7

 
Figure 12. Variations of daily mean net shortwave radiation and daily mean albedo of snow surface in 

2012/13. Gray line shows observed daily mean albedo and black line shows seven-day running average 

of albedo. Gray halftone dot meshing area shows ablation period. 

�

AWS-K

 (2016 4

7 ) 2015/16

401 kg m−3 (2016 3 15 3 22 ) 410 kg m−3 (2016 3

23 4 2 ) 431 kg m−3 (2016 4 3 4 4 ) 440 kg m−3 (2016 4 5 4

7 ) 

 ( 13, 14) 13 2016 4 2

14 2016 3 15

2016 3 15 2016 4 7

552 mm w.e. (w.e.: water equivalent) 482 mm w.e. 

14.5%  
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13 2016 4 2 1

 

Figure 13. Hourly calculated and observed snow melt rates and variation in the snow depth on April 

2, 2016. 

 

 

14 2016 3 15 4 7

 

Figure 14. Daily calculated and observed snowmelt rates and variations in snow depth in the later 

snowmelt period from March 15 to April 7, 2016. 

 

Degree-day Model RT Model

 ( 15)
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1%

Degree-day Model RT Model 2016/17 16

Degree-day Model RT Model

 (SE) 9

Degree-day Model RT Model

RT Model Degree-day Model RT Model

 

 

15 (a) Degree-day Model  (b) RT Model

 

Figure 15. Calculated snowmelt rate using the energy balance analysis versus the modeled snow melt 

rate (a) using the Degree-day Model and (b) the RT Model runs. 

 

9 Degree-day Model RT Model

 

Table 9. Values of standard error between the calculated snowmelt rate using the energy balance 

analysis, Degree-day Model and RT Model. 

 

 

Degree-day

Model
9.37 8.34 5.49 6.49 5.85

RT Model 6.02 5.23 3.65 3.40 3.27

2011/12 2012/13 2013/14 2015/16 2016/17
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16 2016/17 Degree-day Model RT Model

 

Figure 16. Variations of snowmelt rate using the energy balance analysis, Degree-day Model and RT 

Model in the ablation period in 2016/17. 
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2008; Giesen et al., 2008; Conway and Cullen, 2016)
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, 2008) 
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ROS

 (Marks et al., 1998) 

 

Degree-day

 ( , , 1983; , 1985; , 2012)  

(1983)  (1988) 6 18

Degree-day

 ( , 2007) 

 

Degree-day Model RT Model



 

39 

 

1%

2
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ROS (Rain-on-Snow) 

ROS  

ROS

 “Radiation Paradox”  

(Ambach, 1974)  ( )  

( Marks et al., 1998) ROS

 ( Marks et al., 1998; Musselman et al., 2018) 

 

ROS

ROS

 ( , 2010)

 ( Whitaker and Sugiyama, 2005)

 (1993)  (2012)  (2017) 

 ( , 1993)  (2012) 

90%

 (2017) 

Hirashima et al. (2014, 2016) 
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ROS

 ( Marks et al., 1998)

AWS-N ROS

AWS-K

ROS ROS

ROS

1

 

ROS AWS-N AWS-K AWS-N

1.5.1 2013/14

Nrk-St. AWS-N  

(1994) 

AWS-K ROS

ROS  

 

10 1 40  

W m-2 −15 W m−2 −25 W m−2

15 W m−2 20 W m−2 11 W m−2 19 W m−2

1 3 W m−2

−5 W m−2 2 W m−2 5 W m−2

2 W m−2 4 W m−2

7 W m−2 17 

W m−2 2015/16  
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10 1

 

Table 10. Hourly mean energy fluxes under rainy and non-rainy conditions (W m−2). Numbers in 

parentheses show the standard deviation for each energy component. 

 

 

10 mm

 ( 6) Phase Ⅰ

Phase Ⅱ

Phase Ⅳ

 

2.2.3

Phase Ⅳ  (

17) Phase Ⅲ

10 mm 4 6

4 11 4 14  

2011/12 39.9 (97.2) 17.9 (21.8) 3.9 (6.0) 1.8 (4.0) 0.0 (0.0)

2012/13 43.9 (104.3) 17.8 (22.8) 5.3 (7.6) 2.5 (5.2) 0.0 (0.0)

2013/14

2015/16 38.7 (93.1) 17.6 (22.0) 3.9 (5.3) 1.0 (3.5) 0.0 (0.0)

2011/12 19.8 (37.4) 16.2 (11.3) 2.3 (3.9) 1.9 (3.9) 10.5 (13.2)

2012/13 18.6 (36.4) 11.2 (14.1) 5.2 (4.3) 3.8 (4.1) 7.5 (6.4)

2013/14

2015/16 15.2 (24.7) 19.1 (11.5) 4.2 (4.8) 4.2 (5.5) 16.9 (23.4)

non-rainy condition

rainy condition

SWnet LWnet H E Q P

N.D. N.D. N.D. N.D. N.D.

N.D. N.D. N.D. N.D. N.D.

SWnet LWnet H E Q P
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17 Phase Ⅳ (2018 4 6 2018 4 17 ) 

 

Figure 17. Variation of calculated snowmelt rate using energy balance analysis, observed outflow rate 

using a lysimeter method and an amount of precipitation in Phase Ⅳ (from 6, April, 2018 to 17, April, 

2018). 

 

AWS-K ROS CC

9

9 CC

12 1 4 CC

CC 3 1 3 5

CC 18 2018 1 8 10 00

22 00 CC 7

8 10 00

15 00 10 00 CC

1667 kJ m−2 CC 9 kJ m−2 21 00

3771 kJ m−2 SEB 431 kJ m−2

3340 kJ m−2  



 

44 

 

 

18 ROS cold content

 

Figure 18. variation of cold content, surface energy balance and condensate energy flux from rain 

drops when ROS event is occurred. 

 

 ( 10)

20 % 5 % 15 %

2 1

2

AWS-K

 

 ( 17) 



 

45 

 

Phase Ⅰ

 ( 4) Phase Ⅱ

4

Phase Ⅳ

 ( 4)

Phase Ⅳ  ( 17)

 

( , 1993)  

ROS CC ROS

 ( Marks et al., 1998) Marks et al. (1998) ROS

ROS

CC 226%

2 1 1

20 cm CC

 (1994) 1

1.5℃ 1.5

AWS-K

20 cm  (12 ) 

CC ROS CC

ROS

ROS



 

46 

 

ROS

ROS CC

 

AWS-N ROS

AWS-K

AWS-N ROS

AWS-K

ROS

ROS

 

ROS

ROS

ROS

 

  



 

47 

 

 ( Willis et al., 

2002; Giesen et al., 2009)

 

3

3

 

2 3 AWS-N AWS-K AWS-H

 

AWS-H

2355 m �

2016/17 2017/18 −3.4℃ −0.8℃

2016/17 1 2017/18 2 −11.4℃ −12.6℃

4.6 hPa 4.9 

hPa 3.2 m s−1 3.3 m s−1

4 5 2016/17 5 2017/18 4  

AWS-H 2016/17 2017/18  ( 11)

100%

−30% 100%
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11 AWS-H ( ) 

 ( )  

Table 11. Result of energy balance analysis in AWS-H (Nishi-Hodaka). The values show the 

percentage against the total snow melt energy flux and the values in parentheses show the proportion 

of SEB (QM). 

 

 

3 12

10  ( 1) 

AWS-K

Kmk-St. AWS-N

Nrk-St. 1.3℃ 5.5℃ ℃

26.0℃ 24.7℃ ℃

2

3

1946 mm  mm 745 mm  

 

12   (℃)  (SD)

 (℃)  (mm)  

Table 12. Annual mean air temperature (℃) and its standard deviation (SD), annual range of air 

temperature (℃), and annual precipitation (mm) in Kamikochi, Norikura, and Nishi-Hodaka. 

 

 

W m
-2 % W m

-2 % W m
-2 % W m

-2 % W m
-2 %

2016/17 86.3 (131.3) -20.7 (-31.6) 0.3 (0.5) -1.4 (-2.2) 2.1 (3.2)

2017/18 100.8 (122.6) -20.0 (-24.4) 0.4 (0.5) -0.4 (-0.5) 1.4 (1.7)

R net

SWnet LWnet

H E Q P

region

period

Annual mean 5.8 5.5 1.3
Annual

cumulative
2692 1946

SD 0.7 0.5 0.6 SD 283 278

Annual range 25.2 24.7 26.0

Precipitation (mm)

Kamikochi

2010-2018

Norikura

2003-2018

Nishi-Hodaka

2010-2018

Air temperature (�)

Kamikochi

2007-2018

Norikura

2007-2018

Nishi-Hodaka
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3 2016/17 3

19 13

 

AWS-K 208.0%

9.3%

−102.6% −17.4%

 

AWS-N AWS-K

182.2% −81.2%

2.9% −4.8%

 

AWS-H 2 65.6 W m−2

131.8% 2

−31.8%

2

AWS-H 4

 (2 3 ) 
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19 AWS-K ( ) AWS-N ( ) AWS-H ( ) 2016/17

1

 

Figure 19. Result of energy balance analysis in AWS-K (Kamikochi), AWS-N (Norikura), and AWS-

H (Nishi-Hodaka). A month is divided to three parts, which are First month (1st to 10th), Middle month 

(11st to 20th), and Last month (21th to the end of month), and variation of amount of each energy 

component are shown. Data with a diagonal line does not meet statistical significance. 
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13 AWS-K ( ) AWS-N ( ) AWS-H ( ) 2016/17

 ( ) 

 

Table 13. Result of energy balance analysis in AWS-K (Kamikochi), AWS-N (Norikura), and AWS-H 

(Nishi-Hodaka). The values in parentheses show the proportion of SEB (QM). Figure colored gray does 

not meet statistical significance. 

 

 ( ) 

AWS-K AWS-N AWS-H 2

 (1) 100%

(2) 

(1) 

 ( , 2008) 

19

 ( Greuell and Smeets, 2001)

3

 (Verburg and Antenucci, 2010)  

(1)  (2) 

W m
2 (%) W m

2 (%) W m
2 (%) W m

2 (%) W m
2 (%) W m

2 (%)

Feb. 5.3 (100.0) 27.9 (530.6) -20.7 (-393.8) 2.1 (40.0) -4.8 (-90.4) 0.3 (4.9)

Mar. 14.0 (100.0) 42.6 (303.9) -27.0 (-192.7) 1.6 (11.2) -4.4 (-31.5) 0.0 (0.0)

Apr. 63.0 (100.0) 84.5 (134.2) -24.0 (-38.1) 2.1 (3.4) -2.1 (-3.4) 2.2 (3.4)

May. 88.2 (100.0) 170.0 (192.7) -32.4 (-36.7) 0.8 (0.9) -0.3 (-0.3) 0.1 (0.1)

June

July

ALL 20.0 (100.0) 41.6 (208.0) -22.4 (-102.6) 1.9 (9.3) -3.5 (-17.4) 0.6 (2.7)

Feb. 6.6 (100.0) 27.6 (420.8) -20.3 (-309.6) 1.0 (14.8) -1.7 (-26.3) 0.0 (0.3)

Mar. 29.9 (100.0) 57.8 (193.1) -26.4 (-88.2) 0.7 (2.3) -2.1 (-7.1) 0.0 (0.0)

Apr. 81.2 (100.0) 99.4 (122.4) -19.1 (-23.5) 0.6 (0.8) -0.6 (-0.8) 0.9 (1.1)

May. 128.5 (100.0) 146.0 (113.6) -18.3 (-14.2) 0.3 (0.2) -0.1 (-0.1) 0.6 (0.5)

June

July

ALL 25.8 (100.0) 47.0 (182.2) -20.9 (-81.2) 0.7 (2.9) -1.2 (-4.8) 0.2 (0.9)

Feb. 15.2 (100.0) 41.4 (272.4) -25.3 (-161.6) -0.3 (-2.2) -1.3 (-8.6) No Data No Data

Mar. 23.0 (100.0) 42.3 (186.3) -19.3 (-78.5) -0.3 (-1.3) -1.6 (-7.0) No Data No Data

Apr. 62.3 (100.0) 94.6 (135.0) -32.8 (-34.2) 0.5 (0.6) -1.5 (-1.4) 1.0 (1.0)

May. 160.7 (100.0) 176.4 (112.1) -17.4 (-12.7) 1.7 (0.9) -0.5 (-0.2) 0.8 (0.8)

June 176.1 (100.0) 180.3 (107.0) -7.4 (-7.9) 1.6 (0.9) 0.3 (0.1) 1.7 (1.8)

July 140.1 (100.0) 23.0 (26.9) 58.9 (60.8) 7.0 (8.5) 3.1 (3.8) 48.1 (50.2)

ALL 65.6 (100.0) 86.5 (131.8) -20.6 (-31.8) 0.3 (0.4) -1.6 (-2.4) 2.0 (3.1)

AWS-N

AWS-H

SEB
Net Shortwave

Radiation

Net Longwave

Radiation
Sensible Heat Flux Latent Heat Flux

Advected Heat from

Rain

AWS-K
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 ( van de Wal et al., 1992; Willis et al., 2002)
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80.3% 16.2% 3.0%
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 (Abermann et al., 2019)
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2
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Figure 20. A triangular diagram showing three energy components, net radiation, sensible heat flux 

and latent heat flux, of previous study in Table 14. 
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14 20  

Table 14. Contents of previous study used in Figure 20, showing study location, latitude, altitude, climate classification, observation period, and the property 

of surface energy balance. 

 

Site Country

Kamikochi Japan 36º N 1490 Apr. 2017 - May 2017 106 3 -2 this study

Norikura Japan 36º N 1590 Feb. 2017 - May 2017 101 1 -3 this study

Nishi-Hodaka Japan 36º N 2355 Mar. 2017 - Jul. 2017 100 1 -1 this study

Peyto Glacier, Alberta Canada 52º N 2500 Continental Jun. 1988 - Jul. 1988 51 42 7 Munro (1990)

Peyto Glacier, Alberta Canada 52º N 2300 Continental Jun. 1988 - Jul. 1988 65 34 1 Munro (1990)

Peyto Glacier, Alberta Canada 51º N 2510 Continental Jul. 1970 44 48 8 Föhn (1973)

Hintereisferner Austria 46º N 2500 Continental Jul. 1986 91 10 -2 van de Wal et al . (1992)

Hintereisferner Austria 46º N 2630 Continental Jul. 1989 93 20 -13 van de Wal et al . (1992)

Niwot Ridge, CO USA 40º N 3517 Continental Apr. 1994 - Jun. 1994 75 56 -31 Cline (1997)

Valee Blanche France 45º N 3550 Continental Jul. 1968 99 24 -23 De la Casiniere (1974)

St Sorline Glacier France 2712 Continental Aug. - Sep. 1969 and 1970 61 46 -1 Martin (1975)

Storglaciären Sweden 68º N 1370 Maritime Jul. 1994 - Aug. 1994 66 30 5 Hock and Holmgren (1996)

Qamanârssûp sermia Greenland 64º N 790 Maritime Jun. 1980 - Aug. 1986 67 38 -5 Braithwaite and Olesen (1990)

Ecology Glacier, King George Island Antarctica 62º S 100 Maritime Dec. 1990 - Jan. 1991 64 29 7 Bintanja (1995)

Worthington Glacier, AK USA 61º N Maritime Jul. 1967 - Aug. 1967 51 29 21 Streten and Webdler (1968)

Worthington Glacier Alaska 61º N 820 Maritime Jul. 1967 - Aug. 1967 51 29 20 Streten and Wendler (1968)

Qamanârssûp sermia Greenland 61º N 880 Maritime Jun. 1979 - Aug. 1983 70 28 2 Braithwaite and Olesen (1990)

Lemon Creek Glacier Alaska 58º N 1200 Maritime Aug. 1968 - Aug. 1968 48 43 9 Wendler and Streten (1969)

Kryoto Glacier Russia 55º N 810 Maritime Aug. 2000 - Sep. 2000 33 44 23 Konya et al . (2004)

Hodges Glacier South Georgia 54º S 375 Maritime Nov. 1973 - Apr. 1974 55 48 -3 Hogg et al . (1982)

Glacier Lengua Chile 53º S 450 Maritime Feb. 2000 - Apr. 2000 35 54 7 Schneider et al . (2007)

Tyndall Glacier Chile 51º S 700 Maritime Dec. 1993 51 42 7 Takeuchi et al . (1995a,b)

Moreno Glacier Chile 50º S 330 Maritime Nov. 1993 54 49 -4 Takeuchi et al . (1995a,b)

Ampere Glacier Kerguelen Island 49º S Maritime Jan. 1972 - Mar. 1972 58 25 16 Poggi (1977)

Soler Glacier Chile 46º S 378 Maritime Nov. 1985 57 43 -1 Fukami and Naruse (1987)

Brewster Glacier New Zealand 44º S 1770 Maritime Dec. 2007 - Mar. 2008 52 25 20 Gillet and Cullen (2011)

Brewster Glacier New Zealand 44º S 1760 Maritime Oct. 2010 - Sep. 2012 64 23 11 Cullen and Conway (2015)

Brewster Glacier New Zealand 44º S 1760 Maritime Oct. 2010 - Sep. 2012 37 53 3 Conway and Cullen (2016)

Franz Josef Glacier New Zealand 43º S Maritime Feb. 1990 21 55 25 Ishikawa et al . (1992)

Mount Cook National Park New Zealand 43º S Maritime Oct. 1995 - Nov. 1995 63 27 4 Neale and Fitzharris (1997)

Temple Basin New Zealand 42º S 1450 Maritime Oct. 1982 - Nov. 1982 16 57 25 Moore and Owens (1984)

Niigata Japan 37º N 360 Maritime Dec. 2007 - Apr. 2008 80 16 3 Matsumoto et al . (2010)

Blue Glacier, WA USA Maritime Jul. 1958 - Aug. 1958 69 25 6 La Chapelle (1959)

Reference
Rnet H E

Surface Energy Flux (%)
Latitude

Altitude

(m)
Climate

Location
Observation Period
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14 ( ) 

Table 14. (continued)  

 

  

Site Country

Berkner Island Antarctica 79º S 886 Others Feb. 1995 - Dec. 1997 -91 108 -17 Reijmer et al . (1999)

McCall Glacier Alaska 69º N 1715 Others Jun. 2004 - Aug. 2004 74 25 5 Klok et al . (2005)

Storglaciären Sweden 67º N 1370 Others Jul. 2000 - Sep. 2000 55 32 13 Sicart et al . (2008)

Vestari Hagafellsjökull Iceland 64º N 500 Others Jun. 2001 - Aug. 2007 63 27 10 Matthews et al . (2015)

Vestari Hagafellsjökull Iceland 64º N 1100 Others Jun. 2001 - Aug. 2009 74 20 6 Matthews et al . (2015)

West Gulkana Glacier Alaska 63º N 1520 Others Jun. 1986 - Jul. 1986 57 35 8 Brazel et al . (1992)

Storbreen Norway 62º N 1600 Others Jul. 1955 - Sep. 1955 56 31 13 Liestøl (1967)

Storbreen Norway 62º N 1570 Others Sep. 2001 - Sep. 2006 76 17 8 Giesen et al . (2009)

Nordbogletscher Greenland 61º N 880 Others Jun. 1979 - Aug. 1983 71 29 2 Braithwaite and Olesen (1990)

Omnsbreen Norway 60º N 1540 Others Jun. 1968 - Sep. 1969 52 32 15 Messel (1971)

Midtdalsbreen Norway 60º N 1450 Others Oct. 2000 - Sep. 2006 67 24 10 Giesen et al . (2008)

Midtdalsbreen Norway 60º N 1450 Others Sep. 2001 - Sep. 2006 66 25 11 Giesen et al . (2009)

Pasterze Austria 47º N 2205 Others Jun. 1994 - Aug. 1994 77 20 4 Greuell and Smeets (2001)

Pasterze Austria 47º N 2310 Others Jun. 1994 - Aug. 1994 73 22 5 Greuell and Smeets (2001)

Pasterze Austria 47º N 2420 Others Jun. 1994 - Aug. 1994 72 24 4 Greuell and Smeets (2001)

Pasterze Austria 47º N 2945 Others Jun. 1994 - Aug. 1994 77 19 4 Greuell and Smeets (2001)

Pasterze Austria 47º N 3225 Others Jun. 1994 - Aug. 1994 79 20 1 Greuell and Smeets (2001)

St Sorlin France 45º N 2760 Others Jul. 2006 - Aug. 2006 84 22 -5 Sicart et al . (2008)

Indian Himalaya India 32º N 3050 Others Jan. 2005 - Apr. 2005 98 3 -1 Datt et al . (2008)

Zongo Glacier Bolivia 16º S 5050 Others Nov. 1999 - Dec. 1999 103 24 -27 Sicart et al . (2008)

Reference
Rnet H E

Location
Latitude

Altitude

(m)
Climate Observation Period

Surface Energy Flux (%)
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21  
Figure 21. Schematic figure showing mechanism that forms the specific atmospheric condition and 

SEB property in southern Japanese Alps. 
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