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ABSTRACT. Seasonal variations of water-balance components at an experimental
watershed were measured for three hydrologic years. Snowfall accounts for 47% of the
annual precipitation, and snowmelt runofl’ comprises 45% of the total runoff. Evapora-
tion changed markedly during the season; it increased during May to August, decreased
in September and October, and was negligibly small during the period ol snow cover in
winter. Losses due to evaporation reached half of the precipitation during summer, and
total loss 1s about 26% of the annual precipitation.

INTRODUCTION

It is important to understand the characteristics of the
hydrologic cycle, including precipitation, runoff, evapora-

tion and ground-water storage to optimize management of

water resources or to minimize the effects of hydrologic dis-
asters such as snowmelt floods. In cold regions the accumu-
lation of winter snowfall covers the ground for several
months and runs ofl'in a short time during the snowmelt
season. Thus snow is an important hydrological variable.
There are many studies concerning the heat balance of the
melting snow surface, including Casiniére (1974), Price and
others (1976), Marcus and others (1985) and Ishikawa and
others (1986). However, it is necessary to develop an ex-
panded method to estimate the water balance of a whole
watershed. Runofl is obtained by gauging the outlet of the
watershed. The other components of the water balance are
difficult to obtain because of the heterogencous soils and
topographic variability within a watershed. ‘lopography
affects incident radiation and wind patterns. Motoyama
(1986) and Ishikawa and others (1994) developed a method
to estimate a basin-wide snowmelt using the heat balance
based on observed metcorological parameters at several
points on a watershed. Melting occurs not only at the snow
surface but also at the bottom of snow cover, which pene-
trates into the ground and contributes to winter runofl.
Latent heat (evaporation) is considered to be the primary
factor of water loss in the hydrologic balance (Amiro and
Wauschke, 1987; Takeuchi and others, 1995). Evaporation pro-
cesses are complex and depend on meteorological condi-
tions, surface morphology and geographical [eatures
(Kayane, 1980). This paper presents a method of estimating
basin-wide evaporation and describes the water-balance
characteristics of a small, experimental watershed.

STUDY SITE AND INSTRUMENTS

The study site is a small watershed located within the Moshiri
Basin, northern Hokkaido, Japan (142°17"E, 44°22° N). The
watershed is 1.3 km” in size and ranges from 285 m to 535 m
in altitude (Fig.1). The arca below 400 m occupies about 70%

https://doi.org/104)89/50260305500014075 Published online by Cambridge University Press

of the total area. Vegetation of the watershed is a mixed [orest
ol evergreen needle-leal trees and deciduous broad-leaved
trees. The open forest with high sky-view factor (above
75%) occupies about 60% of the arca. The dense forest
(sky-view factor 25-40% ) occupies 25% of the area and the
remaining 13% is treeless. The detailed topographical fea-
tures of the watershed have been reported by Ishikawa and
others (1994).

For 3 years, from April 1991 to March 1994, hydro-me-
teorological observations were made. Six obscrvation sites
were distributed in and near the watershed to measure the
heat and water balances (Iig. 1). A 10 m observation mast
was placed at each site and equipped with instruments to
measure air temperature, humidity, wind speed, solar and
net all-wave radiation, soil temperature, precipitation and
snow depth. Site A is located in an unforested, flat area just
outside of the watershed, B is at the outlet of the watershed,
C and E are located along a ridge, D is in the small valley
with the same altitude of site C, and F is ¢lose to the highest
point of the watershed. Air temperature, humidity and
wind speed were measured at at least two different heights
on each mast. Evaporation was obtained directly from the
mass change of vegetated soil packed in a weighing lysimeter
at site A and runoff’ was measured continuously by a weir at
site B. Snow surveys were carried out several times during
the winter to obtain the snow water equivalent. The meas-
urements taken and instruments used are shown in'Table 1.

RESULTS

Precipitation

Rainfall measurement was carried out at the highest and
the lowest sites, and snow depth was recorded continuously
al six sites at the watershed. Figure 2 shows variations of pre-
cipitation summed over 10 days for 3 years. The maximum
measured water equivalent of snow is also shown. The
increase of rainfall in mid-to-late summer can be seen. The
range of mean annual precipitation is 1423 1661 mm with a
3 year mean of 1546 mm. The range of maximum snow water
equivalent is 660-750 mm with a mean of 718 mm. The frac-
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Fig I Location map of the Moshirt Land Basin, Hokkaido, Japan, with an enlarged topographic representation of the experi-
mental watershed. The letters A, B, C, D, I and Frefer to the observation sites mentioned in the text.

tion of annual precipitation that fell as snow ranges 42-52%
with a mean of 47%. In this investigation a rain gauge with a
20 cm diameter was used for the rainfall measurement at
cach site and compared with a large lysimeter (36 m x
36 m) for determining a collection coeflicient. Winter preci-
pitation was estimated from the maximum measured snow
water equivalent of six sites. "These factors induce some error
[or estimating basin-wide precipitation.

Runoff

Figure 3 represents runoff’ summed for a 10 day period

during the three hydrologic years. The highest runoff

appears in April and May and is due to snowmelt runofl.

Table 1. Observation items and instruments

Snowmelt during the period accounts for 41-53% of the
annual runoll with a mean of 45%. The second period with
the highest runoff is in the autumn to early winter and
accounts for 20% of the annual runoll, and results [rom
the increase i rainfall, In winter, runofl’ is continuous
although small. Winter runoll is caused by storage change
of ground water. The water ol basal snowmelt penetrates
and increases the ground water. Basal snowmelt can be esti-
mated by snow depth and air temperature (Kojima and
Motoyama, 1985). Our calculations indicate that the total
basal snowmelt in winter ranges from 67 to 100 mm (044
066 mm d ') during a 3 year period by using 10 day means
of air temperature and snow depth at site A, and it is
assumed that the value represents the whole watershed.

ltems Site Remarks
\ B (& D E F
Alr temperature X X X X X X Resistance thermometer
I: forced ventilation
Humidity X X X % x % Polymer hygrometer
Wind speed Xy X X X X X ' Three-cup anemometer
2: ultra-sonic anemometer
Solar radiation x X X 3 X X Pyranometer
Net radiation 4 X Net radiometer
Snow depth X3 X % X X X Optical snow-depth meter
3: ultra=sonic depth meter
Precipitation X % Rain gauge
Soil temperature % 5 X X X X Resistance thermometer
Evaporation X Weighing lysimeter
Runoff X X Weir
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Evaporation

Measurements [or evaporation during the snow-free period
from May to October was obtained by four different meth-
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Fig. 3. Variation within 10 day runoff in 1991, 1992 and 1995.
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ods at site A. These included direct measurements ol mass
changes of vegetated soil and water in containers, water-
level changes in an evaporation pan, calculations using the
Penman method and estimated from the residual of the
water balance. The schematic illustrating the instrumenta-
tion for direct measurements is shown in Figure 4. Two con-
tainers (40 x 46 x 10 cm) were used; one was packed with
vegetated soil and the other filled with water. These contain-
ers were placed on electronic scales buried in the ground to
keep the sample surface {lush with ground level. The maxi-
mum load of the machine was 30 kg and the resolution was
1. The mass of cach container was electronically recorded
at 60 second intervals. The Penman method was used to cal-
culate evaporation [rom vegetated soil and water surlaces.
Its derivation combines the energy balance with the acrody-
namic and mass transfer process, which is expressed by

E={A(Qx+ Q¢)+vEa}1l/(A+ ), (1)

where E'is evaporation (mmd 0 @ is the equivalent eva-
poration amount with net radiation and Q¢ is the conduc-
tive heat of soil. A is the slope of the saturation vapor
pressure vs temperature, 7y 1s the psy(‘hl'()m(‘tt‘r constant,
and Fa is evaporation due to the vapor pressure deficit of
the atmosphere, which is expressed by

Ea = (ex — €)f (1), (2)

where e, is the saturation vapor pressure at ambient air
temperature, € is vapor pressure in the air and f(u) is the
function of wind speed whose dimension is mm d "hPa

flu) = a(b+ cu), (3)

where we adopted a = 0.26, b = (0.5 and ¢ = 0.54 from Pen-
man (1963), and w is the wind speed LO m above the surface.

Figure 5 shows the means of 10 day air temperature,
humidity and wind speed at sites A and F. The air temper-
ature shows large seasonal variations; the maximum ap-
peared in August and the lowest in February. Temperatures
below freezing lasted for four months. The temperature
difference between the two sites was about 2°C, due to an
altitude difference of 250 m. There is no significant change
of relative humidity with season and altitude, and it is rela-
tively constant at 90%. Wind speed inereases with altitude,
and it tends to be stronger in winter. Ishikawa and others
(1994) described the meteorological features of the basin in
detail, and concluded that solar radiation and net radiation
did not change with altitude.

Figure 6 shows the evaporation estimated at site A from
Equation (1) summed over 10 day intervals for 3 years. A
clear scasonal trend is obvious with the greatest evapora-
tion, above 20mm10d ', occurring from May to August,
decreasing in September and October, and becoming negli-
gibly small in winter. Thus, evaporation during the snow-
free period is an important factor in the annual water
balance. The estimated evaporation was compared with
the measured values at site A (Fig. 7). The values are the
monthly sum from May to October, and the thick solid line
is the mean of each month for 3 years. Calculations corre-
late with the measurements except for May and July. The
calculated value for May was larger than the measured
value and vice versa in July. 1o explain the cause of this dis-
crepancy we examined the diurnal relation between net
radiation and measured evaporation from vegetated soil
(grass) and water surfaces (Fig. 8). These data are hourly
values for 3 days and show a hysteresis of lower evapotran-
spiration during increasing solar radiation (morning) and
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Fig. 4. Schematic illustration of evaporalion measurements.
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higher evapotranspiration during decreasing radiation
(afternoon). Water surfaces have a wider loop than grass sur-
faces. Because the two instruments for measuring evapora-
tion (Iig 4) were separated by only | m the meteorological

993
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conditions over each were the same. In addition the vege-
tated soil was irrigated. Therefore the causes of the discre-
pancy and the hysteresis must be due to the time lag of
surface temperature change.

The relation between net radiation and surface temper-
atures indicate roughly the same hysteresis (Fig. 9) as eva-
poration. Thus, differential rates of heat absorption are
responsible for the observed hysteresis in evaporation.
Monthly variations in evaporation cannot be compared di-
rectly to hourly variations, but the overall explanation is
similar. During the period before June, solar radiation is in-
creasing, and vegetation temperature rises faster than water
temperature, resulting in a poor correlation for this period.
By analogy, this is the same process that occurs during the
morning. Conversely, as the solar radiation decreases in
July, vegetation cools before water, and is similar to the
heat-halance processes in the afternoon.
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Fig. 9. The relationship between net radiation and surface
temperature al water and vegetated soil surfaces. Values are
howrly sums over a 3 day period.

Basin-wide evaporation was estimated by using
observed meteorological data at six sites and Equation (1),
The net radiation at site A was used as the typical value for
the watershed (Ishikawa and others, 1994). The distribution
of estimated evaporation for 10 day intervals from May to
October is shown in Figure 10 for 1993. The largest value
appeared at site F, which has the highest altitude of the
watershed, while the other sites were comparable. Using
these results it was possible to evaluate the water balance of
the watershed.

Water balance of the watershed
The water balance of the watershed is expressed by
P+R+E+S5=0 (4)

where P is precipitation, R is runoff, I is evaporation and S
is water-storage change in the ground. All variables in
Equation (4) are expressed as the watershed means (mm)
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with those toward the watershed being positive and those
away [rom the watershed negative. Kayane (1980 suggested
that S cannot be neglected over the year, but Nakao (1971)
estimated S as the remainder of the water balance and
found that S was only a few per cent of the annual precipita-
tion. So S was omittted for calculating the annual water
balance in this investigation.

Figure 11 exhibits monthly values for the three compo-
nents of water balance (P, R, E) from May to October,
which are averaged [or the 3 study years. E is the estimate
based on Equation (1) and compared with the difference
between IR and P (D). Runoff during May is much greater
than precipitation because of snowmelt discharge. The
water balance during snowmelt runofl is shown at the left-
hand side of Figure 11. The input factor is precipitation, and
runoft is the output. One month is too short a period ade-
quately to compare F and D, because D includes E and S.
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Fig. 11. Monthly variations of water balance components from
May to October, and snowmelt time. P, precipitation: R,
runoff> I, evaporation (calculated ): D, difference between
precipitation and runoff.

Balances from April to October (period 1) and from No-
vember to March (period 2) are presented in Figure 12. The
righthand side of Figure 12 shows the 3 year mean. The snow
water equivalent before snowmelt was added to the rainfall
of period 1. The input during period 2 is the basal snowmelt
water, During period 1, the precipitation is almost balanced
with runofl and evaporation; the evaporation losses rep-
resent 27% of the precipitation, while the evaporation from
June to October (summer time) reached to 39-50% of the
precipitation of the period. During period 2, runoff'is much
larger than the melt input, and evaporation is negligible, so
the water budget does not balance,

The annual water balance for the three study years is
presented in Figure 13. The portion of each water balance is
listed in Table 2. The runoff to precipitation ratio (R/P)
ranges from 072 to 0.82 with a mean of 0.77. Evaporation
was estimated by three methods: calculation (F1), measure-

sitc: ABCDEF

L
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Fig. 10. Variation within 10 day potential evaporation al the six stfes.
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ment (£2) and the difference of the precipitation and runoff

(D). The fractions of calculated evaporation and the resi-
dual to annual precipitation are about 26% and 23%, re-
spectively. It means that the calculated evaporation
overestimated actual evaporation, but these values are in re-
latively close agreement. Nakao (1971) studied the water
balance of a wider watershed in Hokkaido for six hydrologic

years and estimated the evaporation as the remainder of

precipitation and runoff. The range of the evaporation was
13-37% to the annual precipitation, which was similar (o
results obtained in this investigation.

Table 2. Ratios of water-balance components to annual preci-
pitation. P is precipitation: R is runoff: D is P-R. E [ iy
evaporalion ( calculated ); E 2 is evaporation ( measured)

R/D P El/P D/E] E2E]
1991 0.72 0.27 0.27 1.00 1.02
1992 0.82 0.18 0.24 074 1.05
1993 0.74 0.26 .26 0.98 0.94
Mean 077 0.23 0.26 0.91 1.01
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CONCLUSION

Hydrometeorological observations were carried out at a
small watershed for 3 years to study the water balance. In
this watershed, snow accounted for 47% of the annual pre-
cipitation and snowmelt accounted for 45% of the total run-
off. The peak runoft appeared in April and May due o
snowmelt, and a second peak occurred in autumn caused
by an increase in rainfall. Continuous runoff lasted through
midwinter due to basal snowmelt. Measured and calculated
values of monthly evaporation coincided except for May
and July. The monthly discrepancies were explained by the
different rates of heat absorption and resulting time lag
between the change of net radiation and surface temper-
ature. A large scasonal trend in evaporation was revealed,
with the greatest evaporation occurring between May and
August, decreasing in September and October. Evaporation
was negligible in winter. The ratios of runoff and evapora-
tion to annual precipitation were 0.77 and 0.26, respectively.
Consideration ol evaporative losses in this mountainous
watershed significantly improved the estimate of water
balance.
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