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Abstract 
Snowmelt and snowmelt runoff were observed hydrologically and meteorologically in winter and 

snowmelt season at a watershed, 11.2 km' in area, in the northern part of Hokkaido, Japan. On the basis 

of the observations the water balance of the watershed in these seasons were studied and models were 

developed for the snowmelt runoff. 

The amount of snowmelt at snow-ground interface (bottom-melt) was measured continuously by the 

Iysimeter in two winters at the outlet of the basin constituting the watershed. The value obtained agreed 

well with the amount of bottom-melt estimated from a heat balance at the snow-ground interface. The 

amount of bottom-melt was found dependent mainly upon air temperature and snow depth. Then, the 

amount of bottom-melt in the entire watershed was estimated using air temperatures and snow depths. A 

comparison between this estimate and the observed amount of runoff of the watershed revealed that the 

bottom-melt supplied about one half of the amount of runoff. Meanwhile, a runoff tank model was 

developed; it gave a good simulation of the observed amount of runoff. 

The surface snowmelt distributions in the watershed and the amount of snowmelt runoff in three 

snowmelt seasons were observed and the water balances were examined. It was further found that 90 % 
of the snow covering the watershed runs off as stream flow. 

The heat balance method was applied for the entire watershed in order to estimate the snowmelt 

distribution. The hourly total snowmelt was compared with the runoff, and a runoff tank model, which 

takes into account percolation through the snowpack, was obtained. It simulated well the hourly runoff 

of the watershed. 

* Contribution No. 2930 from the Institute of Low Temperature Science. 
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I. Introduction 

I. 1 Introduction 

Most areas of Japan are covered with deep snow for six months or more of the year. In 
these areas the accumulated snow constitutes one of the main water resources for much of 
the year, and the amount of snow has a strong effect on the characteristics of the runoff. 
However, this effect has not been fully understood. The winter runoff cultivated partially 
by melting at the snow-ground interface has been ignored by many hydrologists because it 
makes only a small contribution to the annual discharge of the watershed and it is difficult 

to measure hydrological components including the flow rate of the snow-covered river and 
the rate of melting at the snow-ground interface. 

Investigators have primarily studied the forecasting of the amount of runoff in snowmelt 
season (defined as the period during which snow melts at the surface everyday) and have 
proposed several methods and models for runoff forecasting. However, almost all of these 
methods and models were to estimate the daily amount of runoff. In order to forecast a 
flood resulting from a sudden increase in the amount of runoff, a model is necessary for 
estimating the hourly amount (or for a shorter interval) of runoff. 

This study attempted to develop a model for this forecasting. Based on the observed 
amounts of snowmelt (at the surface and the bottom of the snowcover) and meteorological 
elements at a station, a discussion was made of a method used for estimating the amount of 
snowmelt from a heat balance. Then this method was extended to obtain the amount of 
snowmelt in the entire watershed. Using the amount obtained, the water balance was 
studied and a model was developed for forecasting the runoff, drawing on Sugawara's tank 
model (Sugawara et al., 1984), The recession rate of a runoff hydrograph, which indicates 

the characteristics of the runoff response of the watershed, was used to determine the 
structures and the coefficients of the runoff tank model. This runoff model indicated the 
physical process of runoff, even though it is a black box model. 

Following this introduction, the study area will be described and in the end of this 
chapter the heat balance model for the snowcover, which is used to obtain the amount of 
snowmelt, will be briefly explained. In Chapter II, the effect of melting at the snow
ground interface on the runoff in winter will be described. The study of snowmelt runoff in 
snowmelt season will be described in Chapters III and IV, in which Chapter III will be 
devoted to a discussing of the water balance based on hydrological observations in three 
seasons, introducing a model developed for obtaining the daily amount of runoff. For the 
purpose of forecasting a flood resulting from the runoff, the amount of snowmelt in the entire 
watershed will be calculated by the heat balance method, and a model will be developed for 
obtaining an hourly runoff. These procedures will be explained in Chapter IV. Finally 
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concluding remarks will be given in Chapter V. 

I. 2 Study area 

Observations were carried out at an experimental watershed located in the northern part 
of Hokkaido, Japan, at 4r23'N, 142"17'E. The area of the watershed is 11.2 km2

• The 
elevation ranges from 280 m to 630 rna. s .1. (Fig .1a). Slope directions are shown in Fig. 
lb. The south and the west slope areas are slightly larger than the other areas. The 
average inclination of the entire watershed is 11.0". The forest is sparse and mixed, 

(a) Experi mental Wa tershed 

N 

f 
1 km 
I 

( b) Slope Oi rec tion 

I FINII E I I S I swi w I I 
I 

o 50 
Fig. 1 (a) Location map of the experimental watershed. Solid circles 

indicate the points where measurements are made of snow 
water equivalents and snow melting rates. BH and WP sta· 
tions are for meteorological observations. P4 point is for 
water gauge station. (b) The distribution of slope directions. 
The slopes are broken down into eight directions and a flat 
area. 
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composed of broad-leaved trees (80%) and coniferous trees (20%). 

This area is well known in Japan as one of the areas lowest in air temperature and 
deepest in snow accumulation. The lower region of the watershed is covered with snow for 
about seven months of the year with the snow depth usually reaching 2.0 - 2.5 m. In mid
winter, the air temperature sometimes falls 
to below -40'C. Snow seldom melts at the 
snow surface in winter. The snowmelt sea· 
son starts in early April, and the snowcover 
disappears by mid-May. Details of the 
hydrological and meteorological character· 
istics of the watershed were described by 
Kojima et al. (1970, 1971) and Kobayashi and 
Uematsu (1977). 

I. 3 Heat balance of snowcover 

The amount of snowmelt can be esti
mated by studying the components of a heat 
balance. Discussed in this section is the heat 
balance for the snowcover. 

The heat balance of the entire snow 
layer is dealt with an assumption that hori· 
zontal heat fluxes are absent. Let the sign of 
heat received by the snowcover be positive. 
The heat balance equation of the snowcover 
is then written as (Fig. 2), 

QM=QU+QB 

= (QR+QA+QE-QC+Qr) 

+ (QCg- Qcs) , (1) 

SR~ LR! LRt 

SRf 

QU 

QS 

(oi r) 

QA Or 
QE 

QC 

(snow) 

Ocs 

Fig. 2 Heat balance of snowcover. QR 
=SR t -SR l' +LR t -LR 1'. The de· 
tails are described in the text. 

where QM is the energy flux available for snowmelt; QU and QB are the fluxes of heat at 
the snow-air and the snow-ground interface, respectively; they are divided to five and two 
components as follows: As for QU, QR : net radiation; QA : sensible heat flux from the air; 
QE : latent heat flux; QC : conductive heat flux through the snowcover ; and Qr : flux of heat 

from rain. And as for QB, QCg: conductive heat flux in the ground; and Qcs: conductive 
heat flux in the snow. 

In the winter season, snow seldom melts at the surface in this watershed (QU = 0) ; so, 
Equation (1) can be rewritten as, 

(2) 
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In the snowmelt season, on the other hand, the amount of surface melt is ten times or 
more greater than the amount of bottom-melt (QU}>QB); so Equation (1) can be written as, 

QM = QU = QR + QA + QE - QC + Qr . (3) 

Equations (2) and (3) are used for estimating the amount of snowmelt in the watershed. 

II. Snowmelt runoff in winter 

II. 1 Introduction 

The specific runoff from a watershed (the rate of discharge divided by the drainage area, 
m3s-1km-2

) in snowy regions is, in general, greater than that in snow-free regions (Arai; 
1976, 1980). However, the cause of this phenomenon has not been studied quantitatively. 
Recently, Kojima and Motoyama (1985) and Motoyama et al. (l986a) reported that in a 
region with deep snow the conductive heat flux from the ground caused snow to melt 
continuously at the bottom of snowcover and the bottom-melt influenced the storage of 
groundwater, with the resultant increase in the amount of runoff of the stream in winter. 
Although the amount of runoff is much smaller in winter than that in snowmelt season, it is 
necessary to develop a model for winter runoff, which takes into account the effect of the 
bottom-melt of the watershed. This type of model will contribute to better control of water 
resources in winter. 

The purposes of this part of the study are: (1) to establish a method for calculating the 
amount of bottom-melt using meteorological and hydrological data at a station; (2) to extend 
the method established to the entire watershed and compare its result with the observed 
amount of runoff; (3) to develop a model for winter runoff on the basis of the result of (2). 

Plastic 
Tube 

;NRecorders 
I 

[- - - -3 m - ~r--_-_'---_-jl S now Surf ace 

Snow Cover 
km~ I 

f Sensor : H.F. Sensor(i n snow) 

I.~i~~,~,ml " - - - - . - ~ Temp. Sensor I ~--90cm-->i -
I 1: dHW:70mm-water 

~ d fr[, "n T7i)~i:::::::--____ ----::::J,.'T7":7TT"r7'T7"1f f kH"e,"",o-rtT7F-CI""O""W'iffr.'7"7:rn'4·r.'"7T" (i nit i ally) 

Surface Lysi meter Sensor(in ground) 

Fig. 3 The schematic diagram of installation of the lysimeter, heat flow sensors, 
and temperature sensors at BH station. 
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II. 2 Instrumentation 

The meteorological and hydrological observations were carried out at BH station in the 
watershed (Fig. 1). The observed periods were from December to March in 1981- 82 and 
1983-84. The objects observed and the instruments used were: (1) The amount of snow
melt at the snow-ground interface (bottom-melt) was observed continuously by a shallow 
lysimeter, 0.9 X 0.9 m2 in area and 0.1 m in depth at its center. It was installed on top of the 
level ground (Fig. 3). (2) Conductive heat fluxes in the ground and in the snowcover were 
continuously measured by heat flow sensors. (3) Air temperature and snow depth were 
continuously measured by platinum resistance thermometers and by snow stakes, respecti
vely. (4) Snow water equivalents, snow temperature profiles, and snow density profiles 
were obtained from snow pit observations performed once or twice a month. (5) The 

discharge at the outlet of the watershed was obtained once or twice a month, measuring the 
vertical cross sectional area and the flow velocity of the river. The snow accumulation at 
the river shore and the ice formation at the river surface changed the vertical cross sectional 
area, making it impossible to apply the relationship between the water level and the 
discharge in the snow-free season for obtaining the discharge in the snowy season. 
Therefore, the water level continuously recorded by the water gauge was not used for the 
determination of the discharge. 

In the 1983-84 winter season, time variations of snow depth were obtained automatical
ly by snow depth recorders of the optical fiber type (Aburakawa, 1980) at five stations (BH, 
WI, Nl, El, E4, see Fig. 1). 

II. 3 Results of observations at BH station 

The air temperature, averaged for every five days, and the snow depth, are shown in 
Figs. 4 and 5, respectively. The mean air temperature and maximum snow depth from 
December to March were -9.0'C and 2.6 m in 1981-82, and -10.9'C and 1.8m in 1983-84. 
Therefore, there was heavy snow and high temperature in the 1981- 82 winter relative to 
those in the 1983-84 winter. 

The daily amount of bottom-melt, mb, obtained by the lysimeter is shown in Fig. 6 (L Y, 
solid line). In the 1981- 82 winter with heavier snow, mb decreases gradually from the 
maximum value of about 1.2 mmd-1 in early December, reaches the minimum value of 0.2-
0.3 mmd-1 in February, and then increases again afterwards (Fig. 6a). In the 1983 - 84 
winter (Fig. 6b) with less snow, however, mb shows the same pattern as the above, but 
short-period fluctuations in the amount of mb seen in both the winters seemed to depend on 
air temperature fluctuations. From these results it was deduced that the bottom-melt was 

dependent on the snow depth and the air temperature. 
Figure 6 also shows the daily amount of runoff depth r (daily amount of discharge divided 

by the drainage area, mmd-1
), which decreases steadily from the value of 1.0-1.5 mmd-1 in 
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Fig. 5 Variation in snow depth with time at BH station. 
Solid line: 1981-82, broken line: 1983-84. 
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Fig. 6a Time variations in the amount of bottom-melt at BH station and the amount 
of runoff during the 1981- 82 winter. 

Solid line: daily amount of bottom-melt by the lysimeter (L Y). 
Broken line: amount of bottom-melt estimated by (QCg- Qcs)/ Lm (HF). 
Open circles: daily amount of runoff depth (r). 

Left ordinate represents the rate of snowmelt or runoff depth. Right ordinate 
represents the amount of energy for snowmelt. 

9 

December to the value of 0.6-0.7 mmd-1 in March. Both mb and r were slightly larger in 
1981-82 than those in 1983-84. 

11.4 Method for calculating heat flux in snowcover 

The upward heat flux in the ground, QCg, is almost always larger than that in the 
snowcover, Qcs. Figure 7 shows time variations in heat fluxes QCg and Qcs in the 1981- 82 
winter (Fig. 7a) and in the 1983-84 winter (Fig. 7b). The heat balance equation at the snow
ground interface is rewritten as, 

(2) 

The estimated amount of bottom-melt, mb(HF) , can then be given by, 

(4) 

where Lm is the latent heat of melting ice. Values of Qcg and Qcs were measured by the heat 
flow sensors, and mb(HF) was calculated using Equation (4), The value of mb(HF) (shown 
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in Fig. 6 by a broken line) agrees well with the value measured by the lysimeter (a solid line 
in Fig. 6). Therefore, the heat balance method represented by Equation (4) can be emp
loyed to estimate the amount of bottom-melt in the entire watershed. In order to estimate 
the bottom-melt, Qcs should be obtained as described above. As Fig. 7 shows, Qcs was larger 
in the 1983-84 winter with less snow than in the 1981-82 winter. Fluctuations in Qcs and 
air temperature seem coherent. Therefore, it is deduced that Qcs is mainly dependent on 
the air temperature and snow depth. In the following section, the method for calculating 
Qcs using air temperature and snow depth will be explained. 

II. 4. 1 Numerical calculation of heat flux in snowcover, Qcs 

The equation of one-dimensional heat conduction is written as, 

(5) 

where ps is the snow density, Cps the specific heat of snow, T the snow temperature, t the 
time, K the thermal conductivity of snow, and z the height above the bottom of the 
snowcover. ps and K are the functions of z. The numerical finite difference method used 
to solve Equation (5) is the implicit scheme of Crank-Nicholson. Equation (5) can be solved 
for T at any point (z, t). 
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a) INITIAL CONDITIONS 

Snow temperature profiles obtained by snow pit observations were used as the initial 
conditions. 

b) BOUNDARY CONDITIONS 
1. Upper boundary of z: (snow depth): Observed snow depth. 
2. Snow temperature at bottom of snowcover: Melting point of ice WC) at any time. 
3. Surface temperature of snowcover: 

The surface temperature of the snowcover, 
To, was not measured, but the air tempera
ture Ta was observed continuously. 
Ishikawa et al. (1984, 1985) observed hourly 
mean values of Ta and To in Sapporo, Japan, 
which are plotted in Fig. 8. The linear 
regression line was obtained by the least 

squares method between Ta and To. The 
difference of Ta and To depends on such 
variables as the wind speed, solar radiation 
and observed period. The same method was 
used to obtain the relationship between Ta 
and To for this watershed (Ishikawa, 1977). 

The relationship for daily mean temperatures 
of Ta and To is as follows: 

(6) 

-15 

Fig. 8 

-10 -5 0 5 
Ta (oC) ., 

' . , .. ~ '-5 
'. .,:t .. :: 
'. '. , 

.. 
-10 

• ( ." 't' 

.' .. : 

To -15 
(oC) 

-20 
Relation between daily mean air tempera-
ture. Ta, and daily mean surface tempera-
ture of the snowcover, To, in winter in 
Sapporo. 

c) SNOW DENSITY PROFILES The snow density profiles can be calculated by the 
viscous compression theory of the snow layer (Kojima, 1957). The calculated density of the 
snow layer near the bottom of the snowcover did not agree well with the actual density 
profiles, because this layer consisted of coarse granular snow (Motoyama et aI., 1985), 

Therefore, instead of applying the viscous compression theory, an empirical equation was 
obtained to relate the normalized height z' above the bottom of the snowcover to the snow 
density, Ps(z'), based on the density profiles obtained by the snow pit observations at the BH 
station during the 1981- 82 and 1983 - 84 winters (Fig. 9), 

For HW>22.5 

Ps(z')=(-O.35z'-O.05F+40)j(100-F) for z':2F, 

Ps(z')=0.40 for z' <F, (7a) 
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Fig. 9a Relation between the normalized height 
above the snow-ground interface, z', and 
the snow density, Ps, at BH station in the 
1981- 82 winter. 

1. Dec. 4, 1981, solid line (snow 
depth: 1.09 m; snow water equi
valent: 26.0 X lOkgm-2

; average 
snow density: 0.238 X 10'kgm-'). 

2. Jan. 7, 1982, broken line (1.64, 
48.4, 0.295). 

3. Feb. 9, 1982, dotted line (2.07, 69. 
2, 0.334). 

4. 4. Mar. 11, 1982, dash-dotted line 
(2.52, 84.4, 0.335,) 

where F=(HW -22.5)/0.175, 

Z' = 100z/ Zmax. 

For HW :0;:22.5 

Ps(Z')=( - Bz' +0.05z' + 100B)/100. 

where B=(HW -2.5)/50. 

11) 

0----

>. 

III 
C 
<II 

0.5 

0.4 

0.3 

u 0.2 
~ 
o 
c 

If) 0.1 

o 

3 -3 
10 kg.m 

1984 

50 100 
Normalized height z' 

Fig. 9b Relation between the normalized height 
z' and the snow density Ps at BH station in 
the 1984 winter. 

1. Jan. 13, 1984, solidline(I.22, 32. 
0, 0.262). 

2. Feb. 15, 1984, broken line (1.33, 
45.0, 0.338). 

3. Mar. 7, 1984, dotted line (1.49, 
51.4,0.345). 

4. Mar. 29, 1984, dash-dotted line (1. 
67, 57.9, 0.346). 

(7b) 

In the above equations Zmax is the original snow depth, Z the height above the bottom of the 
snowcover, and HW the total snow water equivalent. The unit of ps is 103kgm-3 and that 
of HW is 10kgm-2. The values of Band F are shown in Fig. 10. If HW is larger than 22.5 X 

10kgm-2, the density of the snow layer between the bottom and point F is 0.4 X 103kgm-3
• 



14 Hideaki MOTOYAMA 

The density profile between point F and 
the surface layer is linear. If HW is 
smaller than 22.5 X 10kgm-2, then the den

sity of the bottom layer is B and that of the 
surface is 0.05 X 103kgm-2. The density 

profile of the entire layer is linear for this 
case. 

d) THERMAL CONDUCTIVITY OF 

SNOW, K 
Izumi and Huzioka (1975) proposed the 

thermal conductivity of snow, K, as a 
function of snow density Ps as follows: 

loglo (4.19K)= -3.73+2.16ps, (8) 
where the units of ps and K are 103kgm-3 

and 102Wm- 1K-1
, respectively. 

e) SPACING WIDTH AND TIME INTER
VAL FOR CALCULATION 

Equation (5) is calculated numerically 
under the condition of the specific spacing 
width ~z(O.l m) and time interval ~t(l day 
and 10 days). Equation (5) converged 
easily under these conditions. 

II. 4. 2 Verification of method 

One example of the calculated snow 
temperature profile is shown in Fig. ll. 

The day on which simulation was started is 
January 1, 1982 (open circles show the initial 
temperature profile) and the time step is 1 
day. In this figure, the profile calculated 
(crosses) is compared with the one observed 
by the snow pit observation on February 9, 
1982 (solid line), and both agree well with 
each other. Thus this method for calcula
ting snow temperature profile based on the 
air temperature and the snow depth is con

sidered to be an appropriate method. Using 

3 -3 
10 kg·m 

0.40 r------... 
III 

<>-. 

~0.30 
(/) 0 
c 
~0.20 
~ 
~0.10 

0.05 

I 
I 
I HW>22.5 

....... I 
......... I 

....... -..L.HWs:22.5 
I ....... 
I .............. 
I ....... 
I ......... 
I .............. 
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I 
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this temperature profile, Qcs is easily calculated by Equation (9). 

aT 
Qcs=K -a;;: 

II.5 Bottom-melt in watershed 

15 

(9) 

A method for calculating Qcs at a station was proposed in the previous section. For the 
purpose of estimating the contribution of the amount of bottom-melt to the rate of stream 
flow, it is necessary to estimate the amount of bottom-melt in the entire area of the 
watershed. In the following section, the method to calculate Qcs for the entire watershed 
will be explained, followed by another section explaining the estimate of the total amount 
of bottom-melt in the watershed. 

II.5.1 Heat flux in snowcover, Qcs, in watershed 

Data on snow depth and air temperature is necessary In order to estimate the Qcs 

distribution in the watershed. Two assumptions are made here: (1) Since the daytime lapse 
rate of air temperature is about 0.6 -1.0 X 10-2 °Cm-1

, during the daytime, the air temperature 

at the lower region is 2 - 3 °C higher than that at the upper region. Radiative cooling often 

occurs at night in the lower region, but is much less in the upper region. Hence, at night, 
the air temperature is lower in the lower region than that in the upper region. Therefore, 
10-day mean air temperatures are assumed to be the same at any place in the watershed. (2) 
The relationship between the altitude and the water equivalent of the snowcover is assumed 
to be linear (see section III. 2, Fig. 20). Therefore the distributions of snow depth and snow 
density can be calculated at any place using this relationship and the viscous compression 
theory of the snow layer (Motoyama and Kojima, 1985), 

The observed snow depths (solid line) and calculated (open circles) for every five days at 

three locations are shown in Fig. 12. Small fluctuations in the observed snow depth are not 
reflected well by the calculated ones, but over all, the snow depth is satisfactorily simulated. 
The snow depth distribution with respect to the altitude is shown in Fig. 13. The abscissa 
in Fig. 13 represents both the ratio of the snow water equivalent at a point to that at BH 
station, and also corresponds to the altitude in the watershed. The ratio of the snow water 
equivalent in the 1981- 82 winter with heavy snow ranges from 1.0 to 1.6. On the other 
hand, the ratio in the 1983 - 84 winter with light snow ranges from 1.0 to 2.0. These results 
indicate that a large difference exists in snow depth even in the small watershed (11.2km2

) 

with a small change in altitude (350m). Since the amount of bottom-melt depends on the 
snow depth, there might be a large variation in the amount of bottom-melt in the watershed. 

The value of Qcs was calculated for the altitude interval of 50 m with the time interval 
of 10 days and the spacing width of 0.1 m. Table 1 presents the monthly total of Qcs at BH 
station and the areal mean in the watershed. The ratios, QcAareal mean)/Qcs(BH), ranged 
from about 0.8-0.9, except in December 1981. The ratio was slightly larger in the 1981-82 
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Fig. 12 Variations of the observed and calcu
lated snow depths at BH, N1 ,and E1 
points. 

Solid line: observed snow depth . 
Open circles: calculated snow 

depth. 
The locations of BH, N1 and E1 are 
shown in Fig. 1. Arrows indicate the 
date that snow pit observations were 
carried out. 

Table 1 Monthly heat flux in snow, Qcs (in the unit of kJm- 2
). 

Qcs(BH) Qcs (areal mean) Qcs (areal mean) / Qcs (BH) 

December 1981 l.15 l.89 l.25 

January 1982 2.90 2.49 0.86 
February 1982 4.27 3.84 0.90 

March 1982 2.82 2.49 0.88 

Qcs (BH) Qcs (areal mean) Qcs (areal mean) / Qcs (BH) 

December 1983 3.69 3.18 0.86 
January 1984 5.69 4.89 0.86 
February 1984 6.84 5.20 0.70 
March 1984 4.69 3.75 0.80 

winter with deep snow than in the 1983 - 84 winter. 

111.5.2 Bottom-melt, Mb , in watershed 

The amount of bottom-melt, mb, can be estimated from heat flux differences between 
the ground and the snowcover: mb(HF)=(Qcg- Qcs)/ Lm. The value of Qcs was obtained as 
described in the previous section. The heat flux in the ground QCg at any place in the 
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The calculated amount of bottom-melt, mb(HF) , is slightly different from the observed 
amount, mb(L Y), (see Fig. 6). Especially in February 1984, the values of mb(HF) at BH 
station become negative for a short period, but no abrupt change is seen in the amount of 
runoff measured by the lysimeter, mb(L Y). This implies that the ground surface (bottom of 
the snowcover) is frozen at times _ However, the frozen soil layer is shallow, only a few 
centimeter thick, and the percolation of meltwater continues below this frozen layer. 
Therefore, mb(HF) does not always give a correct estimate of the amount of bottom-melt. 
Thus, the relationship between mb(HF) and mb(LY) was obtained in order to calculate the 
more realistic amount of bottom-melt from the heat balance calculation. 

mb(L Y) = 0.89mb(HF)+ 0.03 (mmd-1J for 1981- 82, 
mb(LY)=0.74mb(HF)+0.1l(mmd-1J for 1983-84. 

(lOa) 

(lOb) 

Different empirical formulae were obtained for different winters, because the perco-
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lation rate of meltwater in the soil depends on the soil structure, the water content in the 
soil, and so on. 

The estimated amount of bottom-melt for the areal mean in the watershed, which 
calculated from the areal mean Mb(HF) and Equation (10), is shown by the solid line in Fig. 
14. The areal mean value Mb is slightly larger than mb at BH station, as indicated by the 
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dotted line. In the 1981 - 82 winter with heavy snow, the difference between Mb and mb was 

small. However in the 1983-84 winter with light snow, the difference was large, especially 
in February. 

11.6 Water balance 

The water balance of the watershed in winter is expressed as, 

(11) 

where "i.Mb is the total amount of bottom-melt, "i.r is the total amount of runoff depth and 
I1Sd is the change in groundwater storage, which is obtained as a residual of this equation. 
These components are given in Table 2. 

The value of I1Sd was -34.4mm from January to March in 1982, and -40.5mm for the 

same period in 1984. These values indicate the loss of groundwater storage in winter. It is 
clearly shown that the amount of bottom-melt supplies about one half of the runoff of the 

watershed. This might be the main reason for the larger specific runoff in the snowy area 
than that in the snow-free area as reported by Arai (1980). 

Snow does not melt at the bottom of the snowcover in the ground-frozen watershed. 
Therefore stream water is only supplied by a discharge from the groundwater storage, which 
have been cultivated before the freezing of the ground. 

Table 2 Monthly values of water balance components (mm-water). z;Mb is the 
amount of bottom-melt, z;r is the amount of runoff depth and !:J.S d is the 
change in groundwater storage. 

Z;Mb z;r !:J.S d z;Mb/z;r 
December 1981 (30.1) 
January 1982 21.1 34.9 -13.8 0.60 
February 1982 10.8 23.1 -12.3 0.47 
March 1982 13.8 22.1 -8.3 0.62 
January-March 1982 45.7 80.1 -34.4 0.57 

Z;Mb z;r !:J.Sd z;Mb/z;r 
December 1983 (19.8) 
January 1984 11.9 29.3 -17.4 0.41 
February 1984 7.1 20.8 -13.7 0.34 
March 1984 9.8 19.2 -9.4 0.51 
January-March 1984 28.8 69.3 -40.5 0.42 

11.7 Method for calculating runoff 

A "tank model" was used to calculate the amount of runoff during the snowy season 
(Sugawara et al., 1984). A series of two tanks of the storage type was adopted (Fig. 15), 
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in which the upper tank had two outlets, one on the side for the runoff and another on the 
bottom for infiltration; the lower tank consisted of one outlet for the runoff. It was 
assumed that the amount of bottom-melt, Mb , is supplied to the tank every day, and the 
calculated amount of runoff, r, is discharged from the outlets on the side. The equations 
used are: 

r(i) = 0.04DA(i) + 0.008DB(i) 
DA( i + 1) = DA( i) + M b ( i + 1) - (0.04 + 0.03)DA( i) 
DB(i + 1) = DB(i)+ 0.03DA(i)-0.008DB(i) 

(mmd-1] , 

(mm] , 
(mm] , 

(12a) 

(12b) 

(12c) 

where i is the time step, and DA and DB are the heights of storage in the upper and lower 
tanks, respectively. The parameter of the tank structure was determined by referring to 
the recession rates of the runoff hydrograph (Fig. 16). 

Using the tank model, the hydrographs from December 1 to March 31 in both the 1981-
82 and the 1983-84 winter were calculated. The initial heights of storage water, DA and 
DB, in the tanks were determined by the trial and error method until the calculated amount 
of discharge fitted well to the observed amounts. The best fit values of DA and DB are 
shown in Table 3. The initial value of DA for the upper tank was less in 1981 82 than that 
in 1983-84. In November 1981, the air temperature was low, and snow started accumu· 

'i7 r 

DB 

Fig. 15 Derived tank model. The coef· 
ficients of tank's outlet are shown 
in the unit of d-1
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Table 3 Amount of initial storage of water (in mm) in the tank model (Fig. 15). 

Dec. 1, 1981 Mar. 31, 1982 Dec. 1, 1983 Mar. 31, 1984 
DA 26 6 40 4 
DB 80 53 80 49 

lating relatively earlier than usual. On the other hand, in November 1983 the air tempera
ture was high and rain water was supplied to the watershed. Therefore, it is deduced that 
the initial water storage of the upper tank, DA, might be dependent on the groundwater 
storage, which has resulted from the hydrological events in the previous period. 

The observed and the calculated hydrograph are plotted in Fig. 17. The open circle, 
thick solid line and thin broken line represent the daily amount of runoff depth observed, 
rObS, that of runoff depth calculated, real, and that of runoff depth from the outlet of the 
lower tank calculated, respectively. The observed hydrograph was simulated well by the 
tank model. The rate of bottom-melt, Mb , (also shown in Fig. 17 by broken line) shows 

short-period fluctuations, but the calculated runoff depth decreases steadily. It is reaso
nable to assume that the runoff depth from the lower tank corresponds to the constant 
groundwater flow from the deep layer, while the runoff depth from the upper tank is the 

groundwater flow from the shallow layer. 
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Fig. 17a. Areal mean amount of bottom-melt and the simulated amount 
of runoff in the 1981- 82 winter. 

Thick broken line: areal mean daily amount of bottom-
melt, Mh • 

Open circles: daily amount of runoff depth observed. rOb'. 

Solid line: daily amount of runoff depth calculated, r"i. 

Thin broken line: amount of runoff depth only from the 
outlet of the lower tank (see Fig. 15). 
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Fig. 17b Areal mean amount of bottom-melt and the simulated amount 
of runoff in the 1983-84 winter. The notations are the same as 
in Fig. 17a. 

On the other hand, in the case of no bottom-melt the runoff depth was also calculated 

using the same runoff model without supplying bottom-melt to the tank. This result is 
shown in Fig. 18. The runoff from the upper tank disappears in mid-February. The amount 
of runoff depth with no bottom-melt is one half of the observed runoff depth in March. This 
suggests that the amount of bottom-melt plays an important role in the river runoff in 
winter. Therefore, the bottom-melt cannot be ignored in the water balance of an area with 

deep snow. 
In snowy regions it is difficult to measure the amount of stream discharge in winter 

because the river surface is usually covered with snow and ice. But the amount of runoff 
can be estimated or predicted using the method described above in order to make an efficient 
use of low-water flow in winter. 

II, 8 Conclusion 

The amount of snowmelt at the bottom of the snowcover as well as the amount of runoff 
of a watershed was studied for the two winter seasons. The following results were 
obtained. 

I, The observed amount of bottom-melt was dependent upon the air temperature and 
the snow depth. Using this relationship, the areal amount of bottom-melt was estimated 
using the heat balance at the snow-ground interface. 

2, A runoff tank model was developed and it simulated well the amount of runoff of the 
watershed in winter. 

3, The amount of bottom-melt supplied about one half of the amount of runoff in the 
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watershed. This indicates that the bottom-melt plays an important role in the water 
balance during the winter. 

III. Snowmelt runoff in snowmelt season, 1 daily analysis 

III. 1 Introduction 

The total amount of snow covering the ground immediately before the snowmelt season 
in a watershed has been measured by many investigators with an attempt to forecast the 
amount of snowmelt runoff (Leaf, 1971; Rango, 1983; Sugawara et al., 1984). A prereq
uisite for this forecasting is to find out the water balance in the watershed, but many points 
remain unknown in this respect. The number of papers which discuss the water balance on 
the basis of the observed amounts of snowmelt and runoff in the watershed is only a few (Ono 
and Kawaguchi, 1974; Motoyama et al., 1986b). 

The present study was conducted (1) to clarify the water balance in a watershed during 
the snowmelt season on the basis of observed hydrological data; and (2) to develop a method 
for calculating the daily amount of snowmelt runoff. 

111.2 Instrumentation 

Observed periods were from April to June in the years, 1981, 1982, 1983, and 1984. 
The objects observed and the instruments used were: (1) Snow water equivalents, HW, in 
the watershed. They were measured at about 20 sampling points in the watershed (Fig. 1) 
in mid-April each year. At a sampling point, the average snow depth, HS, was obtained 
using about ten snow sondes. The average snow density, Ps, was calculated from three or 
four measurements by a snow sampler. Then, the snow water equivalent at a station was 
calculated by the equation: HW = HS /is. (2) Amounts of snowmelt in the watershed. 
They were measured also at the same points as in (1) in the watershed (Fig. 1). The height 
of snow depth, HS, and snow densities, Ps, between the snow surface and 0.05 m below the 
snow surface, and between 0.05 m and 0.10 m below the snow surface were measured from 
time to time. Therefore the snowmelt amount between the two measurements was calcu
lated by the equation m = t:.(HS) Ps, where t:.(HS) is the decrease in snow depth between the 
two measurements. (3) Melting rates at BH station. Melting rates were continuously 
observed by four different methods (Fig. 19); including, the snow stake method, the 
Iysimeter method, snow pit observations and the heat balance calculations described in 
Section 1.3. The details of them were described by Motoyama et al. (1983a, b). (4) 
Stream discharge. The water level was continuously measured by the water level recorder. 
To establish a formula for the conversion of the water level to the discharge, the discharges 
were observed at the outlet of the watershed once or twice a day every snowmelt season by 
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measuring the vertical cross sectional area and the flow velocity of the river. (5) Meteoro· 
logical observations. Air temperature, wind speed, solar radiation, reflected solar radia· 
tion, net radiation, surface temperature, vapor pressure and precipitation were continuously 
observed at BH station. 

III. 3 Water balance during snowmelt season 

The water balance was calculated from the date when the snow survey was started to 
the date when all the snow disappeared from the watershed. 

111.3.1 Water balance equation 

The water balance of the watershed for the snowmelt season is written as, 

"'i.M +"'i.P = "'i.r+ I::!.E + "'i.ET + I::!.Sd, (13) 

where "'i.M is the total amount of snowmelt (the total amount of snow water equivalent on 
the beginning date of calculating the water balance), "'i.P is the total precipitation, "'i. r is the 

total amount of runoff depth, I::!.E is the amount of mass transfer at the snow surface 
(evaporation: + ; condensation: -), "'i.ET is the total amount of evapotranspiration in the 
watershed, I::!.Sd is the change in groundwater storage and the change of water storage in the 
unsaturated zone (gain: + ; loss: -). 
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III. 3. 2 Each component 

The snow water equivalents, Hw, obtained at about 20 points in the watershed are 
plotted against the altitude, h, in Fig. 20. Linear relationships, which were classified into 
four sub-watersheds (West, North, East and Lower regions) were obtained except in 1982 (a 
heavy snow season). The altitudinal distribution of sub-watershed area, A(h), is shown in 
Fig. 21. The total amount of snow water equivalent can be calculated as follows: 

HW;otal= jHW(h)A(h)dh. (14) 

The total amount of snow water equivalent in the watershed (including rain water) was 

1982 
11983 

11984 (HW) 
150 1 em-water 

150 

50 150 

50 

50 

( h) 

300 400 500 600 
Altitude(m 0.5.1.) 

Fig. 20 Altitudinal distribution of snow water equivalents in 1982, 
1983, 1984. Linear regression lines between the altitude and 
snow water equivalent were obtained for four sub-watersheds, 
except in 1982. 

Open circles: west; open triangles: north; crosses: east; 
solid squares: lower region. 
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1.34 X 107m3-water (areal mean: 120 em-water) in 1982, a heavy snow season, but during the 
seasons of light snow, 1983 and 1984, it was 7.6 X 106m3-water (68cm-water) and 7.8 X 106m3

-

water (70 em-water), respectively. 
Each of P, E and ET was assumed to be the same at any place in the watershed; P was 

observed at BH station; E was calculated by an empirical formula using the meteorological 
data at BH station (see Section IV. 2); and ET was assumed to be 0 mmd-1 before the date 
one week after snow disappeared in the lower region, and 1 mmd-1 after that date (Arai, 
1980) . 

The total amount of snowmelt runoff, ~ r, was calculated by two methods. The one 
method is to sum up the individual amounts of runoff simply throughout the snowmelt 
season, while the other is to sum them up considering the recession curve on the runoff 
hydrograph, indicated by the area covered by oblique lines in Fig. 22 

III. 3. 3 Results 

Each component of the water balance is represented in Table 4 and the runoff coeffi· 
cients are shown in Table 5. The results show that 80 - 100 % of the snowcover in the 
watershed ran off as stream flow in these three seasons, and the runoff coefficient was not 
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Fig.22 Runoff hydrographs in 1982 and 1983. The area of oblique lines indicates the 
amount of separated snowmelt runoff: Q== Q' +S2-S1. The values of Q, Q', 
S2, and S1 are shown in Table 5. 

Table 4 Water balance: ~M+~P=L>+b.E+~ET+b.5d, where ~M: total 
amount of snowmelt, ~P: total amount of precipitation, ~r: total amount 
of runoff, b.E: amount of evaporation or condensation at the snow surface, 
~ET : estimated total amount of evapotranspiration, b.5d : estimated change 
in groundwater storage (in the unit of em-water). 

~M ~P ~r b.E ~ET b.5d ~r/(~M+~P) 

Apr. 13-Jun. 15, 1982 106 14 110 1 2 7 0.92 

Apr. 13-May. 30, 1983 60 13 68 0 2 3 0.93 

Apr. 14-Jun. 4, 1984 67 3 53 -1 2 16 0.76 

Table 5 Runoff coefficients of the snowcover in the watershed. 51, 52, Q' are 
shown in Fig. 22. Q: amount of snowmelt runoff, M: amount of snowmelt, 
P: amount of precipitation(in the unit of em-water). 

1982 

1983 

1984 

51 52 

1 2 

3 5 

1 4 

(1) Apr. 13-Jun. 15 
(3) Apr. 14-Jun. 4 

Q' 

110 

62 

53 

Q=Q'+52-51 M+P Q/(M+P) 

m(l) 120 0.93 
64(2) 68 0.94 

56(3) 70 0.80 

(2) Apr. 13-May. 17 



100 

50 

Studies of Basin Heat Balance and Snowmelt Runoff Models 

I 

~y/ 

, , 

/' 
/' 

---/' 

---/' 
/' 

0(1982) 

1(1983) 1(1984 ) 
.------- .--.-----

7 _-=;:r-""'~:--: =-:-; =-_---;-.. - -.-
------ 0(1983) 

/' --/' 

-----
~~~----- 0(1984) 

June 

Fig. 23 Amount of integrated runoff depth, 0, and amount of inte· 
grated precipitation in addition to areal meim snow water 
equivalent, I. Integration started on April 13. 
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dependent on the amount of snow during the season (Fig, 23). One characteristic of the 
water balance during the snowmelt season is that the loss of water from the surface of the 

watershed (evapotranspiration, etc.) is less than that during the snow-free seasons (Arai, 
1980) . 

The total amount of mass transfer at the snow surface was found to be less than 2 % of 
the input (amount of snowmelt plus rain) to the watershed during the snowmelt season. The 
reason for this might be that loss by evaporation or sublimation during daytime was usually 
compensated for a gain due to condensation or sublimation during nighttime, 

111.4 Characteristics of water balance in middle of snowmelt season 

The water balance in the middle of the snowmelt season on the watershed is written as, 

(15) 

where ~R is the total amount of rainfall, l:!.Sd' is the change in liquid water storage in the 
snowpack, and all the others were explained in the previous section. 

The amount of snowmelt in the watershed was obtained by the snow stake method (m = 
l:!.(HS) ps, see Section III. 2) along with the altitudinal distribution of sub-watershed areas 
(Fig. 21), Examples of a time variation in snow depth are shown in Fig. 24. The 
altitudinal difference between the top and the bottom of the watershed is only 350 m, but the 
difference in snow depth between them is more than 1 m. The components of the water 
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balance are represented in Table 6. In the middle of the snowmelt season when the melting 

rates are 20 - 40 mmd-1 (Fig. 19), the amount of accumulated snowmelt (~M + ~R) equals 

the amount of accumulated snowmelt runoff, ~r ; and the small values of t::..Sd and t::..Sd ' 

indicate no change in the amount of liquid water storage in the snowpack and groundwater 

storage in the watershed. 

em 

Table 6 Water balance in the middle of the snowmelt season: L;M+L;R=L;r+ 
.6.E+.6.Sd +.6. S~ where L;M: total amount of snowmelt, L;R: total amount 
of rain, L; r: total amount of runoff, .6.E: amount of evaporation or conden
sation at the snow surface, .6.Sd : change in groundwater storage, .6.S~: 
change in liquid water storage in a snowpack (in the unit of em-water) 

L;M L;R L;r .6.E .6.Sd +.6.Sci L; r/(L;M + L;R) 

Apr. 24-Apr. 29, 1982 12.1 0.3 9.6 0.0 2.8 0.77 
Apr. 29-May. 10, 1982 39.4 2.6 40.8 0.3 0.9 0.97 
Apr. 16-Apr. 19, 1983 11.2 0.3 11.4 -0.2 0.3 0.99 

em 
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Fig.24 Variations in snow depth in 1982. The number in parentheses indicates the 
altitude of the site. The locations of the sites are shown in Fig. 1. 
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111.5 Method for calculating daily snowmelt runoff 

A runoff model was devised for the snowmelt season in 1982 and subjected to a test as 
to its validity during the same period in 1981 and 1983. 

111.5.1 Determination of daily amount of snowmelt 

The daily amount of snowmelt obtained by four different methods at BH station differed 

from each other (Fig .19). These differences seemed to be due to the variation in the 
horizontal structure of the snowcover from one place for one method to another place for 
another method. However, the amount of snowmelt that accumulated for several days did 

not vary according to the method (Motoyama et al., 1983b). In order to determine the daily 
amount of snowmelt at BH station, the snow stake method results were primarily used. 

The total amount of snowmelt in the watershed was determined on the basis of the 

amount of snowmelt at BH station. Usually this amount at BH station is nearly equal to its 
areal mean value of the watershed (Kojima et al. ; 1970, 1971). However, in 1982 the rate 
of snowmelt was larger in the upper region than in the lower. region for such a long period 
as from April 12 to May 12 (Motoyama et al., 1983a; also see Fig. 24). The areal mean 
amount of snowmelt in the watershed was 1.1 times the amount of snowmelt at BH station. 

After the snowcover disappeared at BH station in the lower region, the areal mean 
amount of snowmelt was estimated as follows: On an assumption of the constant rate of 
snowmelt in the entire watershed, the amount of snowmelt was obtained by an empirical 
formula using the mean daily air temperature at BH station (Kojima et al., 1983). This 
amount of snowmelt was multiplied by the ratio of the remaining area of the snowcover to 
the total area of the watershed (Fig. 25) in order to obtain the areal mean amount of 

snowmelt. 
The results are shown in Fig. 26, where 

the broken Ene shows the amount of snow
melt estimated plus the amount of rainfall 
measured and the solid line shows the amount 
of snowmelt runoff observed. In the early 
snowmelt season the amount of snowmelt 
plus rain was larger than the amount of 
runoff. In the middle of the snowmelt sea
son, the amount of snowmelt plus rain was 
nearly equal to the amount of runoff, as was 
discussed in Section III. 3. At the end of the 
snowmelt season, the amount of snowmelt 
plus rain was smaller than the amount of 
runoff. This phenomenon might be dependent 

AsiA 
1.0 

0.5 

0.0 0 5 10 15 
Days Elapsed 

Fig. 25 The ratio of the remaining area of the 
snowcover to the total watershed area, 
As! A. with respect to the elapsed time, 
given in days, after the date that the snow· 
cover disappeared in the lower region. 
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Fig. 26 Areal mean daily amount of snowmelt plus daily amount of precipi· 
tation (broken line), and daily amount of runoff depth (solid line) in 
1982. 

on a change in the amount of water stored in the snowpack, soil and groundwater. 

111.5.2 Determination of runoff model 

The runoff tank model (Fig. 27) was devised to calculate the daily amount of runoff. 
The daily amount of input water (snowmelt + rain), M, was supplied to the upper tank 

every day and the amount of runoff water, r, was discharged from the outlets on the side. 
The recession rates of the recession curves in a runoff hydrograph (Fig. 28) were determined 
by referring to the runoff coefficients of the tanks' outlets. The equations used are: 

r(i)=0.25(DA(i)-90)+0.04DA(i)+0.0IDB(i) for DA(i)::?:90(mmJ, 

r(i)=0.04DA(i)+0.0IDB(i) for DA(i)<90(mmJ, (16a) 
DA(i+ 1)=DA(i)+ M(i+ 1)-0. 25(DA(i)-90)-(0. 04+0. 01)DA(i) 

DA(i+ 1)=DA(i)+ M(i+ 1)-(0. 04+0. 01)DA(i) 

DB(i+ 1)=DB(i)+O. 0IDA(i)-0. 0IDB(i), 

for DA(i)::?:90(mmJ, 

for DA(i)<90(mmJ, (16b) 
(16c) 

where i is the time step, DA the height of storage in the upper tank and DB that in the lower 
tank. The units of rand M are both mmd-1 and the unit of DA and DB are both mm. 
This runoff tank model was nearly equal to the model in winter (see Fig. 15) for substantially 
small discharges. The amount of evapotranspiration was assumed to be 0 mmd-1 before the 
date one week after snow disappeared in the lower region, and 1 mmd-1 after that date 
(Arai, 1980). 

111.5.3 Results 

The observed and the calculated hydrograph in 1982 are plotted in Fig. 29a, where the 

solid line indicates the observed amount of runoff and the broken line the calculated one. 

Without changing the calculating method, the simulations of the daily amount of snowmelt 
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Fig. 29 Daily runoff depth in 1982 (a) and 1981, 1983 (b). 
Solid line: observed runoff depth. 
Broken line: calculated runoff depth using the tank model 

shown in Fig. 27. 
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runoff were made successfully in both 1981 and 1983 (Fig. 29b). An analogy between the 
tank structure and the runoff process was considered as follows: The upper and the lower 
tanks have two and one outlets for runoff, respectively. The runoff coefficients of these 
outlets were determined by the recession rates of the hydrograph at various ranges of 
amounts of runoff. It seems that the amount of runoff from the lower tank corresponds to 
the amount of groundwater flow from the deep layer, and that from the upper tank 
corresponds to the amount of groundwater flow from the shallow layer or the amount of 
surface runoff. 

III. 6 Conclusion 

The snow water equivalent, the snowmelting rate, and the stream discharge were 
measured at a watershed during four snowmelt seasons. Analysis was made of the water 
balance and runoff on the basis of observed hydrological data. The following results were 
obtained. 

1. Ninety percent of the snowcover in the watershed ran off in years with heavy snow 
as well as in years with light snow. 

2. The total amount of mass transfer at the snow surface was estimated to be less than 
2 % of the input (amount of snowmelt plus rain) of the watershed during the snowmelt 
season. 

3. In the middle of the snowmelt season, the melting rates were 20 - 40 mmd-1
, and the 

amount of snowmelt was nearly equal to the amount of snowmelt runoff without a change in 
the amount of groundwater storage. 

4. A tank model was devised to calculate the amount of snowmelt runoff. The simulation 
of daily amount of snowmelt runoff was made successfully for three years without changing 
the tank structure. 

IV. Snowmelt runoff in snowmelt season, 2 hourly analysis 

IV.1 Introduction 

The daily amount of runoff in the snowmelt season can be forecasted by the runoff model 
described in the previous chSlpter. For forecasting a flood resulting from a sudden increase 
in the amount of snowmelt runoff, however, it is necessary to develop a model for an hourly 
amount or an amount for a shorter interval of snowmelt runoff. In this connection, this 
chapter will be devoted to estimating the areal distribution of the amount of snowmelt by the 
heat balance method and to describing a model developed for an hourly amount of snowmelt 

runoff. 
The distribution of the amount of snowmelt in a watershed is usually estimated by the 
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degree-day (or degree-hour) method, which uses only air temperature and the lapse rate of 
air temperature (Rango, 1983; Yamada et al., 1985). There are many papers that discuss 
the amount of ablation of the snowcover obtained by the heat balance method at a given site 
(Male and Gray, 1981; Male and Granger, 1981; Price and Dunne, 1976; Ishikawa, 1977; 
Kojima, 1979). In this paper the heat balance method was extended to obtain the areal 
distribution of the amount of snowmelt. Net radiation, sensible heat flux, and latent heat 
flux at places in the watershed were calculated by a model using meteorological data 
obtained at the two stations, one at BH station and the other at WP station on the top of 
the mountain. 

Studying the movement of meltwater in a snowpack is important to the prediction of 
snowmelt runoff (Wankiewicz, 1978; Colbeck, 1978; Dunne et aI., 1976). The movement 
of meltwater through the snowpack has been simulated by a numerical calculation on the 
basis of field observations and experimental data (Jordan, 1983a, b). A simple tank model 
developed by the author for the discharge of meltwater percolated through the snowpack will 

be explained in this chapter. 
Many models for snowmelt runoff have been proposed (Anderson, 1978; Sugawara et 

al., 1984). A new forecasting model for the hourly amount of snowmelt runoff was devised 
by improving the runoff tank model; it took into account the percolation of meltwater 

through the snowpack, as well as the areal distribution of the amount of snowmelt in the 
watershed estimated by the heat balance method. 

IV.2 Instrumentation 

Two meteorological stations were set up, one at BH station and the other at WP station 
shown in Fig. 1. The observed periods were from April to May in 1983, 1984, 1985. Air 
temperature and wind speed were measured in the watershed from time to time. Stream 
discharge was measured at the outlet of the watershed. The following are the objects 
observed and recorded continuously at the two stations. a) BH station: Air temperature, 
wind speed, vapor pressure, surface temperature, global solar radiation, reflected solar 
radiation, net radiation, and meltwater discharge at the snow-ground interface. b) WP 
station: Air temperature, wind speed and vapor pressure. 

IV. 3 Heat balance equation at snow suiface 

The heat balance equation of the snowcover in the snowmelt season is rewritten as, 

QM = QU = QR + QA + QE - QC + Qr . (3) 

Each component was explained in Section 1.3. In snowmelt seasons, there was little 
rainfall; so, Qr is ignored. When the meltwater of the surface layer refreezes and the snow 
temperature falls below O°C at night, QC usually becomes negative. The negative QC are 
compensated for by the positive QC the next morning. In these seasons, QM is zero; QC 
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can be calculated by QR, QA and QE. Therefore, the amount of energy for snowmelt, 

QM, can be obtained by QR, QA, and QE. Each component is calculated as follows: 

QR=SR t -SR t +LR t -LR t 
=(I-a)SR t +LR t -ccr(To+273.2)4, 

QA = CaPaCpa( Tl - To) V; , 
QE = CePaLs(ql - qo) V;, 

(17) 

(18) 
(19) 

where SR t is the global solar radiation, SR t the reflected solar radiation, LR t the 
incoming longwave radiation from the atmosphere, LR t the outgoing longwave radiation 
from the surface, a the surface albedo, E the surface emissivity, (J the Stefan - Boltzmann 
constant. Ca and Ce are the heat transfer and the mass transfer coefficient, respectively. 

Pa is the air density. Cpa is the specific heat of air. Ls is the quantity of heat of sublimation. 
Tl , ql, and V I the air temperature, specific humidity and wind speed at the height of 1 m 
above the snow surface, respectively. To is the surface temperature, and qo the specific 

humidity at the snow surface. The heat transfer coefficient was determined by field 
observations under stable conditions: Ca = 2.2 X 10-3 (Ishikawa et al., 1982). The value of 
Ce is assumed to be equal to the value of Ca under stable conditions (Male and Granger, 

1981) . 

IV. 4 Calculating method for heat balance in watershed 

The watershed was divided by a 125 m x 125 m mesh. The amount of energy for the 
snowmelt at each point of the grid was calculated as follows: 

1) Air temperature, wind speed and specific humidity in the watershed 
The areal distributions of air temperature, wind speed and specific humidity were 

assumed to be a function of altitude. Based on the distributions of air temperature observed 
and minimum air temperature observed in the watershed, the following results were ob

tained: (a) In the upper region, above the altitude of 400 m a. s.l., the lapse rate of air 
temperature was 0.6 X 10-2 °Cm-l. (b) In the lower region, the wind speed was generally 

slow and radiative cooling occurred strongly on a clear night, and the height of the inversion 
layer reached only 400 m a.s.1. Then the air temperature at altitude Tl(h) was obtained by 
using the observed air temperatures at the two stations as follows: 

For h:2400 m, 

for h<400 m, 

Tl(h) = T I (400)+«TI (BH)- T I (400»/(400-285»(h-400) CC), 

T I (400) = T I (wp)+r(580-400) CCJ, 

(20a) 

(20b) 
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where h is the altitude (m a.s.l.), T1(WP) is the air temperature at WP station, T1(BH) is 
the air temperature at BH station. For the value of r, O.6X10-z 'Cm-1 is used. 

The wind speed and specific humidity were assumed to vary linearly with the altitude. 
Lapse rates can be calculated from the observed data at the two stations; and the wind speed 

and specific humidity at the altitude of h were obtained as follows: 

V;(h)=« V;(WP)- V;(BH))/(580-285))(h-285)+ V;(BH) (m/sJ, 
ql(h) = «ql(WP)- ql(BH))/(580- 285))(h- 285)+ ql(BH) (Pa/Pa). 

2) Net radiation 

(21) 

(22) 

Net radiation, QR, can be calculated by Equation (16), where a and LR ~ are assumed 
to be constant at any place in the watershed. The values of a and LR ~ can be obtained 
by the meteorological data observed at BH station as follows: 

a=SR t ISR ~ 

LR ~ =QR-(l-a)SR ~ +c6'(To+273.2)4. 

(23) 

(24) 

Global solar radiation, SR ~ , consists of direct solar radiation, Sb, and diffuse solar 
radiation, Sd, as follows: 

SR ~ =Sb+Sd. (25) 

2.1) Direct solar radiation 
The direct solar radiation at point j, (Sb L, can be calculated as follows from the direct 

solar radiation at BH station, (Sb )SH, and the ratio of the calculated direct solar radiation 

at point j, (Sb)j.cal, to the calculated one at the BH station, (Sb)sH.cal: 

(26) 

The calculated direct solar radiation on the slope varies with the slope angle, the direction 
of the slope and the screen effect of a ray path. The theoretical direct solar radiation (Sb)cal 

is given by (Barry, 1981), 

(Sb)cal=SB(Y1+ Y2), 

Y1 = CZcos(SL) , 

Y2 = sin(SL)«cos(AS)« CZsin(PH) - sin(DE»1 cos(PH») 

+ (sin(AS)cos(DE)sin( WT))), 

CZ = sin(PH)sin(DE) + cos(PH)cos(DE)cos( WT), 

(27a) 

(27b) 

(27c) 

(27d) 

where PH is the latitude, DE the declination angle of the sun (north positive), WT the hour 
angle of the sun from the apparent noon (clockwise positive), SL the slope angle, AS the 
azimuth of the slope, and SB the solar constant. Moreover, the effect of screening is 
considered; namely, when the direct solar beam is intercepted by obstacles of the terrain, 
(Sb)cal=O. 
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2.2) Diffuse solar radiation 
Diffuse solar radiation at point j, (SdL, can be calculated as, 

(28) 

where (Sd)SH is the diffuse solar radiation at BH station and SL is the slope angle (Barry, 
1981) . 

2.3) Net radiation 
The outgoing longwave radiation from the snow surface, LR t , is calculated by the 

following equation by regarding the snow surface as nearly a black body and using 0.99 as 
the surface emissivity € of it : 

(29) 

The surface temperature To is estimated by an empirical formula using the air temperature 
Tl during the snowmelting season obtained at BH station (Fig. 30). 

To=0.81TI -3.0 (,C) for Tl~3.TC, 
To = 0 . 0 [OC) for Tl > 3. TC. 

(30a) 
(30b) 

Net radiation at point j is, therefore, given by, 

-6 

(QR)j= (1- a )(((Sb )j.cal!(Sb )sH.cal)(Sb )SH + (Sd)j) 

-4 

+ ((QR)BH -(1- a)(SR ~ )BH + W((TO)BH +273.2)4) 
- w((To)j+ 273.2)4. (31) 

-2 o 
ooCO 

o 

C -10 

2 4 

Fig. 30 Relation between the mean hourly air 
temperature. T,. and the surface tempera
ture of the snowcover. To. for the snow
melt season in April 1984 at BH station. 
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Table 7 Global solar radiation in the watershed, M], calculated by changing the 
ratio of diffused solar radiation to global solar radiation at BH station in 
the period, April 13-30, 1984. The areal ratio is also shown in the right 
column. 

ratio of diffused solar radiation 

altitude (m) 0.0 0.5 1.0 areal ratio 

280-300 111 III 112 0.06 
300-350 108 109 110 0.12 
350-400 107 108 109 0.15 
400-450 106 107 lOS 0.19 
450-500 110 110 110 0.26 
500-550 105 106 lOS 0.17 
550-600 110 110 III 0.06 
600-630 97 104 111 0.01 
2S0-630 110 111 111 1. 00 

There is no data to separate the direct solar radiation, Sb, and diffuse solar radiation, 
Sd, from the global solar radiation, SR 1. Table 7 shows an experiment to examine the 
effect of the ratio of Sd to SR 1 on the global solar radiation. When the ratio of Sd to 

(SR 1 )BH changed from 0 to 1, the calculated (SR 1 )cal varied within 1 %. Therefore, the 

global solar radiation was calculated as the direct solar radiation. 

3) Sensible heat flux 
The values of TJ , V;, and To were obtained at all grid points for calculating QA by 

Equation (18). 

4) Latent heat flux 
The specific humidity at the snow surface, qo, was assumed to be the saturated vapor 

pressure of ice at To for calculating QE by Equation (19). 

IV,5 Results of meteorological observations 

Variations in air temperature and wind speed at the two stations in 1983 and 1984 are 
shown in Fig. 31 (solid line: at BH station, broken line: at WP station). In the lower 
region, the wind speed is generally slow, strong radiative cooling occurs at night, and air 

temperature often falls below 0 'C. On the other hand, in the upper region, the wind speed 
is fast almost all day long, radiative cooling is weak, and air temperature seldom falls below 
o 'C. 

IV,6 Characteristics of energy for snowmelt in watershed 

The amount of energy for snowmelt can be calculated by an areal heat balance model. 
Variations in areal mean heat balance components in an altitudinal range from 280 - 300 m 
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Fig.31 Variations in air temperature and wind speed in 1983 and 1984. 
Solid line: at BH station; broken line: at WP station. 

a. s.1. and 550 - 600 m a. s.1. are shown in Fig. 32. The solid line, broken line, and dotted 
line represent net radiation, sensible heat flux, and latent heat flux, respectively. Net 
radiation reached the daily maxima of 1.0 - 1. 5 MJm-2h-1 around noon and decreased to the 
daily minima of -0.3 - -0.4 MJm-~-1 at night. The sensible heat flux reached the daily 

maxima of about 0.5 MJm-2h-1 at 1300 - 1400 LST and fell to nearly 0 MJm-2h-1 at night. 
As for the latent heat flux, evaporation occurred in the daytime and slight condensation at 
night. 

Net radiation was nearly the same everywhere in the daytime, but at nighttime, when 
strong radiative cooling occurred, it had a slightly larger negative value in the upper region 
than that in the lower region. This difference is due to the higher snow surface temperature 
in the upper region, and the outgoing longwave radiation which was larger in the upper 
region than in the lower region (see Equation (29)). The amplitudes of diurnal fluctuations 
in sensible and latent heat fluxes were larger in the upper region than those in the lower 
region, since the wind speed was relatively fast almost all the time and the air temperature 
was seldom fell below 0 'C in the upper region. 

The heat balance components integrated for the period from April 13 to April 30, 1984, 
are shown in Fig. 33. The calculated amount of energy for snowmelt, QM, in the upper 
region was 1.2 - 1.3 times that in the lower region. The sensible heat flux, QA, and the 
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Fig.32 Areal mean heat balance components between 280-300. 550-600 m a.s.l. in 
1983 and 1984. 

Solid line: net radiation, broken line: sensible heat flux, dotted line: latent 
heat flux. 

latent heat flux, QE, were also larger in the upper region, whereas the net radiation, QR, 
was almost the same everywhere. As seen in Fig. 34, the ratio of net radiation to the amount 
of energy for snowmelt, QR / QM, is 0.8 in the lower region, and decreases to 0.5 in the 
upper region, whereas the ratio of the sensible heat flux to the amount of energy for 
snowmelt, QA/QM, is 0.2 in the lower region, and increases to 0.4 in the upper region. 

IV.7 Method for calculating hourly snowmelt runoff 

A runoff model was developed for snowmelt season. The snowmelting rates in the 
watershed were calculated by the areal heat balance method described in Section IV. 4. 
The snowmelt from the snow surface moves through the snowpack and ground, and then 
runs off as stream flow. The runoff process can be divided into two parts, the meltwater 
movement through the snowpack, and its movement under the ground toward the stream. 

IV.7.1 Discharge of meltwater percolated through snowpack 

The discharge of meltwater at the snow-ground interface was measured using a shallow 
lysimeter, which was buried in the ground (Fig. 3). The rate of surface snowmelt calcu
lated by the heat balance method (dotted line) and the discharge at the snow-ground interface 
(solid line) are shown in Fig. 35. In this observation, the snow depth decreased from about 
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Fig. 34 The ratio of the heat balance components 
(QR, QA, and QE) to the amount of ener· 
gy for snowmelt, QM, at various altitudes 
averaged for April 13-30, 1984. 

0.8 m to 0.5 m. The peak of the snowmelt amount at the snow surface was attenuated, 
delaying about 3 to 4 hours in the discharge at the bottom of the snowcover (Kojima and 
Motoyama, 1984), 

A "tank model" was devised to calculate the discharge from the snowpack (Sugawara et 
al., 1984). In the tank model, the estimated amount of surface meltwater, M, by the heat 
balance method is supplied to the tank every hour and the calculated amount of runoff at the 
snow-ground interface, Yb, is discharged from the outlet of the tank (Fig. 36), i. e. , 

Yb(i)=O .1D(i)+0. 25(D(i)-9. 0) (mmh-1J 

Yb(i)=O.lD(i) 

D(i + 1)= D(i)+ M(i + 1)- Yb(i) 

for D(i)~9.0 mm, 
for D(i)<9.0 mm, (32a) 

(32b) 

where i is the time step and D is the height of storage in the tank. The parameter of the tank 
structure was determined by referring to the recession rates in a hydrograph at the snow
ground interface (Fig. 37). The simulated discharge of meltwater from the snowpack is 
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Fig. 35 Hourly amount of snowmelt at the snow surface estimated by heat balance 
(dotted line), observed amount of melt water collected by the lysimeter at the 
bottom of the snowpack (solid line) and calculated amount of meltwater by the 
tank model (broken line) in 1984 and 1985. Snow depth varied from 0.8 m on 
April 26 to 0.5 m on May 2, 1984 and from 0.7 m on April 18 to 0.45 m on April 
24, 1985. 

shown in Fig. 35 by a broken line. The observed and simulated discharges from the 
snowpack agree well. 

The recession rates of the recession curve in the hydrograph at the snow-ground 
interface were 0.1 h-1 for discharges smaller than 0.5 mmh-1 and 0.25 h-1 for discharges 
larger than 0.5 mmh-1

• This suggests that the flow process of the meltwater through the 
snowpack changes, dependent on the meltwater flux. 
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Fig. 37 Hydrograph of discharge at the snow
ground interface. 

IV. 7. 2 Determination of the runoff model 
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Fig. 38 Derived tank model calculating the hour· 
ly amount of runoff. The coefficients of 
tank's outlet are shown in the unit of h-'. 
The heights of the outlet are shown in the 
unit of mm. 

45 

The watershed was divided into eight sub-watersheds. Each sub-watershed represents 
an interval of 50 m in altitude. Hourly amount of snowmelt for each sub-watershed was 
calculated by the areal heat balance method. The same runoff tank model was developed 
for each sub-watershed. A series of three tanks of the storage type was used (Fig. 381. 
The upper tank was of the same model as the one which simulated the runoff rate from the 
snowpack. The structures of the other tanks were determined by the recession rates at 
various discharges in the runoff hydrograph (Fig. 39). The speed of channel flow from the 
sub-watershed to the outlet of the entire watershed was assumed to be 0.5 kmh-1 (Kobayashi 
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Fig. 39 Runoff hydrograph for the period from 25 April to 28 April in 1982. 

and Uematsu, 1977). The sum of the runoff from all the sub-watersheds, r(t), was 
obtained as the total discharge from the entire watershed, QU), i. e. , 

(33) 

where dk is the mean distance from the k - th sub-watershed to the outlet of the main 
watershed (unit of km) and Ak the drainage area of the k-th sub-watershed. 

IV. 7. 3 Results 

The observed and calculated hydrographs for 1983 and 1984 are plotted in Fig. 40 by 
solid and broken lines, respectively. The hourly amount of snowmelt runoff was estimated 
well by the runoff model. The timing and the amount of peak discharge matched especially 
well for the discharge from 2 to 8 m3s-1

• 

On April 22 - 23, 1983, it rained and a snowmelt flood occurred. This flood was also 
simulated, indicating that the above method for calculating snowmelt runoff is useful for 

forecasting the snowmelt flood. 
This model was applied which was used to calculate the discharge of meltwater perco

lated through the snowpack to the upper tank structure. The discharge at the bottom of the 
snowcover was dependent upon by the structure of the snowpack and the snow depth. 
Therefore, the flux of meltwater varied gradually as it passes through the snowpack. The 
height of the tank's outlet should be changed according to the structure of the snowpack and 

the snow depth (Sugawara et aI., 1984). The varying thickness of the snowcover has been 
shown to affect alpine stream flow (Woo and Slaymaker, 1975). The spatial distributions 
of snow depth in the watershed were examined in the period. Since the height of snow depth 
was only about 1. 5 - 0.5 m, the height of the outlet of the upper tank was fixed. When 
the snowpack disappeared, the upper tank was eliminated for runoff analysis. 

IV. 8 Conclusion 

The distributions of the amount of snowmelt in the watershed were estimated by the heat 

balance method on the basis of the observed meteorological data at two stations. The 
hourly hydrograph was simulated using the calculated amount of snowmelt. The following 
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results were obtained: 
1. The distribution of the hourly amount of snowmelt in the watershed was estimated by 

the areal heat balance method. Net radiation, sensible heat flux, and latent heat flux were 
calculated at any given place in the watershed. 

2. The total amount of snowmelt calculated in the upper region was 1.2 - 1.3 times 
that in the lower region during April 13 - 30, 1984. Net radiation was almost the same 
everywhere, but the sensible and latent heat fluxes were larger in the upper region. 
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3. A tank model with two outlets simulated well the discharge of meltwater percolated 

through the snowpack. 
4. The hourly amount of snowmelt runoff was successfully simulated by the tank model 

for two seasons using the calculated areal distribution of the amount of snowmelt by the heat 
balance method. The runoff tank model was composed of three tanks. The upper tank 
specifically represented the discharge of meltwater through the snowpack. 

V. Concluding remarks 

The amount of snowmelt runoff was studied during the winter and the snowmelt season. 
The following results were obtained: 

1. Based on the observed amount of bottom-melt at the outlet, the amount of bottom
melt at the watershed was estimated using the areal distributions of air temperature and 
snow depth. 

2. The amount of snowmelt at the snow-ground interface (bottom-melt) supplied about 
one half of the runoff water to the watershed. It was found that the bottom-melt plays an 
important role in the water balance during the winter. 

3. Based on the hydrological observations, 90 percent of the snowcover in the watershed 
ran off as stream flow during the snowmelt season. 

4. The distribution of hourly amount of snowmelt in the watershed was estimated by the 
areal heat balance method, in which net radiation, sensible heat flux, and latent heat flux 
were calculated at all place in the watershed. 

5. The discharge of meltwater percolated through the snowpack was simulated by a 
simple tank model. 

6. Forecasting methods of the hourly or daily amount of snowmelt runoff using the 
advanced tank model were developed for both winter and snowmelt seasons. 

In future studies, these methods should be applied to other watersheds so that the 
general rule will be found to explain the runoff process in snow-covered and snow-free 
watersheds. 
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Notation 

A total watershed area [11.2 km2J 
A(h) altitudinal distribution of sub-watershed area in Fig. 21 
AS azimuth of slope 
As remaining area of snowcover (km2J 
Ca heat transfer coefficient 
Ce mass transfer coefficient 
Cpa specific heat of air Okg-1K-1J 
Cps specific heat of snow Okg-1K-1J 

CZ variable 

B constant in Fig. 10 
D height of storage in tank (mmJ 
DA height of storage in upper tank (mmJ 

DB height of storage in lower tank (mmJ 
DE declination angle of sun (north positive) 
E amount of mass transfer at snow surface (mmd-1J 
ET amount of evapotranspiration (mmd-1J 

F constant in Fig. 10 
HS snow depth (cm or mJ 
HW snow water equivalent (10kgm-2 or cm-waterJ 

h altitude (m a.s.U 
time step (hours or daysJ 

I integrated precipitation in addition to areal mean snow water equivalent (cm

waterJ 

mb 

mb(HF) 

mb(LY) 

o 
p 

number of point in serial order 
number of sub-watershed in serial order 
quantity of heat for melting ice Okg-3J 

quantity of sublimation heat Okg-3J 
incoming longwave radiation from atmosphere (kWm-2J 
outgoing longwave radiation from surface (kWm-2J 
amount of snowmelt (mmd-1J 
calculated amount of bottom-melt in watershed (mmd-1J 
amount of bottom-melt (mmd-1J 
calculated amount of bottom-melt by heat balance method (mmd-1J 
observed amount of bottom-melt by lysimeter (mmd-1J 

integrated runoff depth (cm-waterJ 
precipitation (mmd-1J 
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PH latitude 
ql specific humidity at height of 1 m above snow surface (Pa/PaJ 
qo specific humidity at snow surface (Pa/PaJ 
Q amount of snowmelt runoff in Fig. 22 (cm-waterJ 
Q(t) amount of snowmelt runoff (m3s-IJ 
Q' amount of runoff in Fig. 22 (cm-waterJ 

QA sensible heat flux from air (kWm-2J 
QB flux of heat at snow-ground interface (kWm-2J 
QCg conductive heat flux in ground (kWm-2J 
Qcs conductive heat flux in snow near snow-ground interface (kWm-2J 
QC conductive heat flux through snowcover near snow surface (kWm-2J 
QE latent heat flux (kWm-2J 
QR net radiation (kWm-2J 
Qr flux of heat from rain (kWm-2J 
QM amount of energy for snowmelt (kWm-2

] 

QU flux of heat at snow-air interface (kWm-2
] 

r runoff depth (mmd-IJ 
rb discharge of meltwater from snow-ground interface (mmh-IJ 
real calculated daily amount of runoff depth (mmd-I] 
robs observed daily amount of runoff depth (mmd-I] 
R amount of rainfall (mmd-I] 

5b direct solar radiation (kWm-2J 
5d diffuse solar radiation (kWm-2

] 

5d groundwater storage (mmJ 
5B solar constant 
5L slope angle 
5R ~ global solar radiation (kWm-2

] 

5R t reflected solar radiation (kWm-2
] 

51 amount of runoff in Fig. 22 (cm-waterJ 
52 amount of runoff in Fig. 22 (em-water] 

To surface temperature of snowcover CCJ 
Ta air temperature (OC] 

TI air temperature at height of 1 m above snow surface CC] 
11; wind speed at height of 1 m above snow surface (m/sJ 
WT hour angle of sun from apparent noon (clockwise positive) 
Yl variable 
Y2 variable 

z height above bottom of snowcover (em] 

z' normalized height above bottom of snowcover 
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a surface albedo 

Pa air density [103kgm-3] 

Ps snow density (103kgm-3] 

E surface emissivity 

(J Stefan-Boltzmann constant (5.67 X 1O-8Wm-2K-4
] 
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