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ABSTRACT
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The water and energy exchanges in forests form one of the most important
hydro-meteorological systems. There have been far fewer investigations of the water and
heat exchange in high latitude forests than of those in warm, humid regions. There have
been few observations of this system in Siberia for an entire growing season, including
the snowmelt and leaf fall seasons. In this study, the characteristics of the energy and
water budgets in an eastern Siberian larch forest were investigated from the snowmelt
season to the leaf fall season. The latent heat flux was strongly affected by the
transpiration activity of the larch trees and increased quickly as the larch stand began to
foliate. The sensible heat dropped at that time, although the net all-wave radiation
increased. Consequently, the seasonal variation in the Bowen ratio was clearly
“U”-shaped, and the minimum value (1.0) occurred in June and July. The Bowen ratio
was very high (10 - 25) in early spring, just before leaf opening. The canopy resistance
for a big leaf model far exceeded the aerodynamic resistance and fluctuated over a much
wider range. The canopy resistance was strongly restricted by the saturation deficit, and
its minimum value was 100 sec m-1 (10 mm sec-1 in conductance). This minimum canopy
resistance is higher than values obtained for forests in warm, humid regions, but is similar
to those measured in other boreal conifer forests. It has been suggested that the
senescence of leaves also affects the canopy resistance, which was higher in the leaf fall
season than in the foliated season. The mean evapotranspiration rate from 21 April 1998
to 7 September 1998 was 1.16 mm day-1, and the maximum rate, 2.9 mm day-1, occurred
at the beginning of July. For the growing season from 1 June - 31 August, this rate was
1.5 mm day-1. The total evapotranspiration from the forest (151 mm) exceeded the
amount of precipitation (106 mm) and was equal to 73% of the total water input (211 mm),
including the snow water equivalent. The understory evapotranspiration reached 35% of
the total evapotranspiration, and the interception evaporation was 15% of the gross
precipitation. The understory evapotranspiration was high and the interception
evaporation was low because the canopy was sparse and the LAI was low.
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INTRODUCTION
Forests strongly affect water and energy cycles, and exist in different environments.
It is thought that the effects of forest on the water and energy cycles and water budget
vary according to the surrounding conditions.
5

10

15

20

25

30

35

In a humid, tropical region, like the Amazon, the latent heat flux is reported to be a
relatively larger component of the energy cycle than the sensible heat flux (Shuttleworth
et al., 1984, 1985, 1988). The magnitude of the latent heat flux sometimes exceeds the
effective radiation when the canopy is wet (Shuttleworth et al., 1985). In a tropical
monsoon forest, the latent heat flux consumes a large part of the available energy during
the rainy season, and the Bowen ratio is below 1.0 (Pinker et al., 1980). Several General
Circulation Model (GCM) simulations have predicted that tropical deforestation would
increase air temperatures in this region (Shukla et al., 1990, Polcher and Laval, 1994).
There have been few investigations of the water and energy exchanges over forests
in high latitude areas, compared with those of warm, humid areas. The effects of forest on
the water and heat exchanges at high latitudes should differ from those in warm, humid
regions, since high latitude areas are usually cool and dry. Recently, the BOREAS project
was carried out in Northern Canada (Sellers et al., 1995). The seasonal change in the
Bowen ratio over forests appeared “U”-shaped, and the minimum values, about 1.0,
occurred in mid summer. The maximal values, about 2.0 - 3.0, occurred in early spring.
A large part of the effective radiation was included in the sensible heat flux (Sellers et al.,
1995). The daily evapotranspiration rates were usually 0.5 - 2.5 mm day-1, and understory
evapotranspiration was significant at 10 - 40% of the total evapotranspiration (Baldocchi
et al., 1997). In other Canadian boreal forests, the daily mean evapotranspiration is
reported to be 1.5 - 2.0 mm day-1 (Fitzjarrald and Moore, 1994, Lafleur, 1992, Amori and
Wuschke, 1987). The NOPEX project was carried out in Sweden (Halldin et al., 1998).
There, the daily mean evapotranspiration was 1.91 mm day-1 during the growing season,
and 45 - 85% of this value consisted of transpiration (Grelle at al. 1997, Cienciala et al.
1997).
Differences in the transpiration rates of the dominant species of trees (larch, birch,
and pine) have been reported in Siberia, and the maximal rates occurred in July. The
transpiration rate was lower in a mature larch forest than in a young larch forest
(Pozdnyakov, 1963, 1975, 1986, Maximov et al., 1996, Ivanov and Maximov, 1998). In
Siberia, only a few short-term observations of water and energy exchanges have been
carried out. These took place in central and eastern Siberian forests during mid summer
(Kelliher et al., 1997, 1998). The Bowen ratios were 0.8 - 1.5 in the eastern Siberian larch
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forest. These values are similar to those obtained in BOREAS. On the other hand, the
ratios were 1.1 - 5.8 in a central Siberian pine forest. The daily mean evapotranspiration
in the central and eastern Siberian forests was 1.7 and 1.9 mm day-1, respectively. The
evapotranspiration during the growing season estimated from these results was 169 mm,
or 80% of the annual precipitation, for the larch forest, and 265 mm, or 90% of the annual
precipitation, for the pine forest. Understory evapotranspiration was significant in both
forests, at about 50%. GCM simulations predict that large-scale deforestation in high
latitude regions will result in warming (Bonan et al., 1992, 1995, Thomas and Rowntree,
1992, Chalita and Treut, 1994).
The impact of forests on the water/energy cycles in high latitude regions will differ
from those of tropical forests located in warm, humid regions. Little, however, is known
about the seasonal variation in the components of the water and energy exchanges in
Siberia based on long-term observations. Previous studies focusing on the water and
energy exchanges during the growing season do not discuss the impact of snow cover.
Forests, snow cover, and permafrost characterize the land surface of Siberia. This paper
presents the properties of the seasonal variation in the energy and water balance,
including not only the growing season but also snow-melt and leaf-fall seasons, in an
eastern Siberian larch forest in one-dimensional scale, as they relate to land surface
conditions.

20

METHODOLOGY
Site description and measurements
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30

The study site is located at 62° 15' 18'' N and 129° 37' 08'' E, in the middle reaches
of the Lena river. This is a continuous permafrost region, and the active layer is about 1.2
m deep in the larch forest. The altitude is 220 m a.s.l. The main species of tree is
Dahurica larch (Larix gmelinii), with a stand density of 840 trees/ha. The mean stand
height is 18 m. The value of the Plant Area Index (PAI) varied between 3.71 in the
foliated season and 1.71 in the leafless season. The PAI was obtained from analysis of
fisheye photos and was confirmed by litter fall observations. There was evergreen
broad-leaved Vactinium understory vegetation 0.05 m high. Its leaf density is high, but the
PAI (or LAI; the value of leaf area index) was not measured. The land surface has an
incline of 1.6° towards the northeast, so the topography is quite flat.
A 32-m high observation tower was installed in the larch forest in the autumn of
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1996, and preliminary observations began at the beginning of September 1996. More
detailed observations were started in the middle of August 1997. The measurements
recorded at the site are summarized in Table I. Using automatic measurements, each
variable was measured at exactly five-minute intervals, except wind speed, radiation, and
ultrasonic anemometer measurements. Ventilated shelters covered the air temperature
and humidity sensors. The wind speed was calculated from wind run measurements taken
over five-minute periods with three-cup anemometers. The net all-wave radiation and
four components of radiation were measured every minute, and the data loggers recorded
average, maximum, and minimum radiation values. The average values are used in this
study, and the sum of the four components of radiation is used as the net all-wave
radiation. The upward and downward long-wave radiation was corrected using the sensed
temperature at domes and sensor bodies. An ultrasonic anemometer operated every
fifteen minutes and measured the three-dimensional wind speed and air temperature for
13.667 minutes at 10 Hz. A water vapor analyzer with a closed path operated
intermittently at 10 Hz. These last devices were not operational for the entire period,
because of difficulties with the power supply. The raw ultrasonic anemometer data for
13.667 minutes at 10 Hz, which was obtained every hour, were stored on the hard disk of
a personal computer every five days.
Ground temperature was measured at 7 depths, 0, 0.1, 0.2, 0.4, 0.6, 0.8, and 1.2 m,
and soil moisture was measured at 5 depths, 0.1, 0.2, 0.4, 0.6, and 0.8 m, with TDR
sensors.
Precipitation was measured at an open site, 1 km south of the observation tower.
The rain gauge was 40 cm in diameter and had an accuracy of 0.125 mm. Precipitation
under the canopy was also measured near the tower. Stem flow was measured in four
trees with different trunk diameters and canopy areas. Throughfall was measured using
two 0.17 × 5.70 m troughs, and measurements were made just after each rainfall event.
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Two plastic pans, 0.165 m in diameter and 0.075 m deep, were used to measure
evapotranspiration from the forest floor. New undisturbed soil cores with vegetation
were packed into the pans at the start of each experiment, and the pans were weighed
every 2 hours in the daytime; they were not weighed at night. Measurements were carried
out every 5 days.
Sap flow velocity was measured by the heat pulse method (Marshall, 1958,
Yoshikawa et al., 1986) in order to estimate the rate of transpiration from the larch stand.
The apparatus was installed on four larch trees with trunks of different diameters. Details
of the trees used for sap flow measurements are summarized in Table II.
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Data analysis
The energy balance above a forest canopy can be described as follows:
Rn = H + lE + G + J
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(1)

where Rn is the net all-wave radiation, H is the sensible heat flux, lE is the latent heat flux,
G is the ground heat flow, and J is the change in heat storage in the canopy layer. J should
be taken into account for the analysis of diurnal variation. This study, however, discusses
the daily energy balance, and J is ignored as the storage of heat during the day is canceled
by energy released during the night.
The sensible heat flux is calculated by an eddy correlation method with the data
obtained by the three-dimensional ultrasonic anemometer. The three dimensional
coordinate axis is rotated to make the average vertical wind speed zero. The ultrasonic
anemometer was inoperable at times because of electrical problems, such as powercuts
and lightning. During these periods, a bulk transfer equation was used to obtain the
sensible heat flux, written as follows:

H = ρ ⋅ c p ⋅ C H ⋅ (Ts − TZ ) ⋅ U Z

(2)

where ρ is the density of air (kg m-3), cp is the specific heat of air under a steady pressure
(J kg-1), CH is a bulk coefficient, Ts is the canopy temperature obtained by an infrared

20

25

30

thermometer and TZ and UZ are the air temperature (°C) and the wind speed (m sec-1) at a
height of Z, respectively. The bulk coefficient was empirically decided by the
relationship between the sensible heat flux obtained by the eddy correlation method and
the product of ρ, cp, Ts-TZ and UZ.
In this study, the latent heat flux was calculated using equation (1). In addition, the
latent heat flux was measured directly on some days using the gas analyzer with a closed
path. The two values of the latent heat flux were comparable, and the latent heat flux
calculated as the residual in equation (1) was corrected using the ratio of the latent heat
flux measured directly to the residual value in equation (1).
Transpiration from the larch stand was estimated from sap flow measurement. First,
the radial distribution of the sap flow velocity in the tree trunk was checked by the heat
pulse method. Then, the volume of sap flow was estimated from these results using
measurements of the actual water uptake from cut tree experiments (Roberts, 1977).
Using this procedure, the relationship between the volume of sap flow and the sap flow
velocity at the observation height was obtained for the four sample trees shown in Table II.
Then, the relationship between the daily amount of sap flow and the diameter of the trunk
6
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at breast height was obtained for the sample trees every day. The trunk diameters of all
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the trees in a 50 × 50m plot at the study site were measured in the summer of 1997. The
total sap flow for all the trees was estimated from the relationship between the daily sap
flow and trunk diameter. The total daily sap flow divided by the area of the plot, 2500 m2,
is the daily transpiration rate.

RESULTS AND DISCUSSION
Meteorological conditions in 1997 and 1998
10

15

Figure 1 shows the time series for the daily meteorological elements at the top of
the tower in 1997 and 1998. During the 1997-98 winter, the batteries in the data loggers
ran down, and we could not collect any data. The maximum net all-wave radiation
occurred in June and was about 200 W m-2 in both years. The air temperature in the
summer was higher in 1998 than in 1997. On the other hand, the relative humidity was
higher in 1997 than in 1998. There was no remarkable difference in the wind speed
between these two years.
Spectra of wind speed, air temperature, and water vapor density
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Figures 2 and 3 show the power spectra and the cospectra of the vertical component
of wind speed, air temperature, and water vapor density, respectively. According to the
theory of turbulent flow, the spectra have a -2/3 slope in the inertial subrange. The power
spectra of vertical wind speed and air temperature have a -2/3 slope in the inertial
subrange (Figure 2 (a), (b)). The slope of water vapor density, on the other hand, is
steeper than -2/3 and white noise is seen at high frequencies in these spectra (Figure 2 (c)).
The data in the high frequency range, however, have little effect on the latent heat flux,
because the cospectra in the same range are close to zero (Figure 3 (b)).
Nevertheless, the slopes of the power spectra are steeper than -2/3 and the water
vapor densities are corrected using the response of the infrared sensor. The formula is
given by the following equation:
C (i ) = C r (i ) +

1
⋅ (C r (i ) − C r (i − 1)) / dt
T

(3)

T = Vcel / V flow

30

where C(i) and Cr(i) are the actual and recorded water vapor densities at time i,
respectively, dt is the interval of measurement (sec), T is the response time of a sensor
(sec), Vcel is the volume of a sensor cell (m3), and Vflow is the absorbing rate of an air
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sample (m3 sec-1). The power spectra and the cospectra corrected by the sensor response
are shown in Figure 4. The power spectra in the high frequency range become larger and
the slopes of the corrected spectra are close to -2/3 (Figure 4 (a)). On the other hand, the
values of the cospectra corrected using the sensor response do not change significantly
(Figure 4 (b)). This means that the difference between the estimated latent heat fluxes
obtained from the raw data and the data corrected using the sensor response is small. The
differences between the latent heat fluxes calculated using the raw and corrected data
range from 0.35 - 10.5 W m-2 and the average value is 3.68 W m-2.
The raw data for wind speed and air temperature with 10 Hz were not stored
continuously during the entire study period and the differences between the latent heat
fluxes obtained using the raw and corrected data were small, as mentioned above.
Therefore, the latent heat flux calculated using the raw water vapor density data is
regarded as the actual value.
Energy balance
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20

The bulk coefficient had to be determined to estimate the sensible heat flux when
the ultrasonic anemometer was not functioning. Using Equation (2), the bulk coefficient
can be calculated from the sensible heat flux obtained using the 3-dimensional ultrasonic
anemometer and the meteorological variables. The slope in this relationship gives the
bulk coefficient. Under unstable conditions, it was possible to use a linear relationship,
and the value of the bulk coefficient was 0.017. On the other hand, there was no
significant relationship under stable conditions. The bulk coefficient was strongly
affected by atmospheric stability and decreased exponentially with an increase in the
stability. The bulk coefficient can be represented by the following equations:

C H = 0.017...............................Unstable...Condition
C H = e ( −4.1− 4.5 Rb ) + 0.0005..........Stable...Condition
25

(4)

where Rb is the Bulk Richardson number.
The agreement between the two values for the sensible heat flux was generally
good: Heddy = 0.909Hbulk + 18.9 with r2 = 0.75 for 1900 hourly data. The standard
deviation of the error was 45.5 W m-2. The sensible heat flux calculated by the bulk
method was used when the ultrasonic anemometer was inoperable.

30

The eddy correlation method for latent heat flux could only be used intermittently,
so the latent heat flux, lE, was calculated using Equation (1), substituting the values for
the net all-wave radiation, Rn, ground heat flow, G, and sensible heat flux, H. The latent
8
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heat flux calculated using Equation (1) was compared with those obtained by the eddy
correlation method. Table III shows the ratios of the latent heat flux obtained by the eddy
correlation method to that calculated using Equation (1). The ratio varied with the
canopy conditions and increased with the foliage density. For the actual values, the latent
heat flux calculated from Equation (1) is corrected by the following equation.

lEC = α ⋅ lE

(5)

where lEC is the corrected latent heat flux, lE is the latent heat flux determined as the
residual for Equation (1), and α is the coefficient shown in Table III.

10

The energy budget was not completely closed at the observation site on a
one-dimensional scale. The relationship between the effective radiation, Rn − G , and the
sum of turbulent fluxes was described by:

H + lEC = 0.752 ⋅ ( Rn − G )
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(6)

Similar differences of 60 - 90% have been reported elsewhere (Verma et al., 1986, Lee
and Black, 1993, Kelliher et al., 1997, Constantin et al., 1998). The reasons for the
energy imbalance are as follows. First, the ground heat flow is underestimated. The daily
ground heat flow fluctuated between 10 - 30 W m-2 after the snow melt season. This
value does not seem sufficient to cause thawing to depths of up to 120 cm. Second, the
latent heat flux is underestimated. As shown in Figure 2, the slope of the relationship
between the frequency and the power spectrum of water vapor density is steeper than -2/3.
Air sampling and sensor response may produce some of this underestimation, but the loss
due to these causes does not seem to be enough to close the energy balance as mentioned
in the previous section. The third reason for the imbalance is the effect of the average
flow for the vertical component of wind speed. The extent of vertical wind flow is
reported to result in underestimating the turbulent energy fluxes, although the average
vertical wind velocity becomes zero due to the rotation of the three-dimensional wind
speed data (Lee, 1998). Future studies will resolve the reasons for the non-closure of the
1-D energy balance at this site.
Figure 5 shows the seasonal variation in the daily values of the energy balance
components ((a) and (b)) and the Bowen ratio (c) during the warm season in 1998. The
surface condition during this period is also shown in this figure by bars. These figures
only show the time series for a dry canopy. The latent heat flux did not increase during
early May, in the snowmelt season, although the soil surface was very wet because of
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water from melting snow. Then, the latent heat flux increased rapidly, when larch trees
began to open their leaves, because transpiration occurred at this time. Figure 6 shows
the time series for soil temperature. The leaves began to open in the larch stand when the
thaw reached a depth of 10 - 20 cm. At least 80% of the roots, especially the thin roots,
are distributed in the top 20 cm of soil, and the water uptake from this shallow layer of
soil was important for the changes in the water and energy balances. In contrast, the
sensible heat flux peaked in the middle of May when trees did not have leaves and the soil
surface was snow-free. Although the net all-wave radiation increased, the sensible heat
flux decreased from the leaf-opening season, in early June, to the foliated season, in the
middle of July, because the latent heat flux increased. Snowmelt did not directly affect
the energy balance above the canopy and the latent heat flux did not change during the
snowmelt season just after ablation of the snow cover. Plant physiological activity, on the
other hand, was important for the energy balance. Previous studies focused mainly on the
growing season, so the differences between the effects of snow and plant physiological
processes on the energy balance were not known. These results show the importance of
plant effects on the water and energy exchanges.
The seasonal variation in the Bowen ratio was clearly “U”-shaped (Figure 5 (c)).
The same seasonal variation in the Bowen ratio has been observed in Canadian boreal
forests (Sellers et al., 1995) and in a snowy Japanese pine forest (Suzuki et al., 1999). At
the study site, the Bowen ratio was around 1.0 during the summer, similar to values
measured in other boreal forests (Sellers et al., 1995, Kelliher et al., 1997). On the other
hand, the Bowen ratio in the spring and autumn was very high. The Bowen ratio at the
site was 10 - 25 in the early spring in 1998, before the leaves opened, much higher than
the values obtained in other forests. The elevation of the sun is high at this time.
Moreover, the albedo above the canopy was not high (0.22 - 0.27), even when the larch
stand had no foliage and the forest floor was snow-covered. After snowmelt, while there
was still no foliage, the albedo was 0.11 - 0.13. The larch stand was unable to take up
water because the trees were leafless and the soil was frozen. A large part of the available
energy is converted to sensible heat flux in early spring, and the warming effect on the
atmosphere is much stronger in a Siberian forest than in North American forests, judging
by the magnitude of the Bowen ratio.
Aerodynamic resistance and canopy resistance for a big leaf model, and environmental
variables

35

This paper uses parameters in a big leaf model, Penman-Monteith formula, to
analyze the characteristics of water and energy exchanges above the canopy. The
10
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aerodynamic and canopy resistance limit the water and energy exchanges in a big leaf
model. The aerodynamic resistance, ra, was calculated from the roughness length and the
zero plane displacement, which were estimated from the friction velocity determined
with the ultrasonic anemometer and the wind speed profiles in near neutral conditions
(Ohta et al., 1999). The aerodynamic resistance, ra, can be written as:

ln(( z − d ) / z 0 ) 2
1
=
ra =
2
CH ⋅U ( z)
κ U ( z)

(7)

where z0 is the roughness length, d is the zero plane displacement, κ is the Von Kalman's
constant, and U(z) is the wind speed at a height of z. Table IV shows the values of z0 and
10
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20

d for different canopy conditions. There were no remarkable differences in these
parameters, although PAI was smaller in the leafless season than in the foliated season.
The canopy is quite sparse at the site, even when the larch stand has leaves, so the leaves
did not strongly affect the aerodynamic parameters. These parameters did not change
significantly with canopy condition (foliated or leafless) in a very dense oak forest with
3,000 trees ha-1 (Dolman 1986). On the other hand, they were dramatically different for
leafless and foliated canopies in an ash forest with 800 trees ha-1 (Ohta et al., 1999).
These results suggest that the aerodynamic parameters are not only controlled by the
density of leaves, i.e., the LAI, but also by the spatial distribution of canopy components.
The canopy resistance, rc, was calculated using the Penman-Monteith formula
(Monteith and Unsworth, 1973) written as:

lE =

Δ( Rn − G ) + ρ ⋅ c p ⋅ (es (Ta ) − ea ) / ra
Δ + γ (1 + rc / ra )

(8)

where Δ is the slope of the saturated water vapor pressure versus temperature curve when
the air temperature is Ta, es(Ta) is the saturated water vapor pressure when the air

25

temperature is Ta (hPa), ea is the observed water vapor pressure (hPa), and γ is the
psychrometer constant. The canopy resistance usually varies diurnally, and is low at
midday and high in the morning and evening. In this study, the daily mean canopy
resistance is defined as the average value when the net all-wave radiation exceeded 150
W m-1.
Another parameter, the evapotranspiration efficiency, β, is also used to assess
evapotranspiration characteristics. The evapotranspiration efficiency is defined as:

11
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β=

ra
ra + rc

(9)

When the canopy is wet, the canopy resistance, rc, is 0 and the evapotranspiration
efficiency under a wet canopy is 1.0.
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Figure 7 shows the time series for the daily mean resistance. The canopy resistance
ranged widely between 100 - 1500 sec m-1, while the aerodynamic resistance was very
low, 6 - 20 sec m-1. This means that evapotranspiration from the larch forest was poorly
coupled with the aerodynamic resistance. A similar result was obtained in a Canadian
forest (Baldocchi et al., 1997).
The canopy resistance increased with the saturation deficit when the larch stand had
foliage; there was no remarkable relationship during the leafless season (Figure 8(a)).
Consequently, when the larch stand had foliage, the evapotranspiration efficiency
decreased exponentially as the saturation deficit increased, (Figure 8(b)). The minimum
canopy resistance was 100 sec m-1, which corresponded to a canopy conductance of 10
mm sec-1. This is similar to results obtained in another Siberian larch forest (Kelliher et
al., 1997). The maximum canopy conductance was 15 - 30 mm sec-1 (or a canopy
resistance of 30 - 67 sec m-1) in forests located at 40°N - 50°N, and the mean value was
19.7 mm sec-1 (Kelliher et al., 1995). The evapotranspiration efficiency became 0.02 0.05 asymptotically as the saturation deficit increased. The minimum evapotranspiration
efficiency was 0.2 in a Japanese red pine forest during the growing season (Suzuki et al.,
1999). The values of r2 in the relationship between the saturation deficit and the canopy
resistance for the foliated and leaf-fall seasons were 0.445 and 0.666, respectively. These
results indicate that the saturation deficit strongly restricted evapotranspiration in the
Siberian larch forest. The canopy resistance was lower in the foliated season than in the
leaf-fall season (Figure 8(a)), which implies that the senescence of leaves affects the
characteristics of the water and energy exchanges.
Figure 9 shows the relationship between solar radiation and the canopy resistance.
The canopy resistance increased with the radiation for the leaf-fall season, although the
relationship was not as significant as the relationship between the saturation deficit and
the evapotranspiration efficiency. The values of r2 in the relationship between the solar

30

radiation and the canopy resistance for the foliated and leaf-fall seasons were 8.50×10-5
and 0.162, respectively, as these relationships were approximated by linear relationships.
These values indicate that their correlation was low. The relationship between air
temperature and the canopy resistance is shown in Figure 10. The canopy resistance had
a minimum value at 7 - 10 °C. The relationship during the leafless period was not clear.
12
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The values of r2 in the relationship between the air temperature and the canopy resistance
for the foliated and leaf-fall seasons were 0.449 and 0.357, respectively.
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Surface soil moisture effects on the canopy resistance and evapotranspiration
efficiency were also examined, but these parameters were poorly coupled with soil
moisture at a depth of 20 cm. The value of r2 in the relationship between the soil moisture
at 20 cm depth and the canopy resistance was 0.0942, as the correlation was
approximated by a linear relationship. Soil moisture was an important factor for
determining the canopy conductance in a central Siberian pine forest (Kelliher et al.,
1997). On the other hand, there was no significant relationship between soil moisture and
the canopy conductance in a Canadian boreal forest (Baldocchi et al., 1997). The
influence of soil moisture on the canopy resistance of a Siberian larch forest was also not
significant.
According to these results, the saturation deficit affects the canopy resistance and
the evapotranspiration efficiency most strongly and air temperature is of secondary
importance in controlling the canopy resistance.
Water balance
The total precipitation from 21 April 1998 to 7 September 1998 was 106 mm and
the water equivalent of the snow cover was 105 mm just before the snowmelt, giving a
total water input into the ecosystem during the warm season of 211 mm.

20

Sublimation evaporation from the snow surface was approximately 11% of the
water equivalent of the snow cover from 21 April to 15 May 1998 (Hashimoto et al.,
1999). The amount of evaporation estimated from the latent heat flux was 6.9 mm for this
period, and the two values agreed well.
During the snow-covered season,
evapotranspiration from the forest resulted from the sublimation of snow.

25

In order to calculate the transpiration rate, the experimental relationship between
the measured sap flow and trunk diameter at breast height is given by:
V = a ⋅ DBH b

30

(10)

where V is the amount of sap flow (liters/day), DBH is the diameter of the tree trunk at
breast height (cm), and a and b are coefficients. This relationship was determined daily
for the four sample trees, as described in the “Methodology” section. The values of a and
b were 0.0129 - 0.508 and 1.23 - 2.10, respectively, and r2 in the relationship between the
trunk diameter and the amount of sap flow was 0.597 - 0.982. The time series for total
13
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evapotranspiration from the forest calculated from the latent heat flux and transpiration
estimated from sap flow measurements, is shown in Figure 11. The maximum
evapotranspiration rate, 2.9 mm day-1, occurred at the beginning of July. On the other
hand, the transpiration rate reached a maximum value of 1.7 mm day-1, in the middle of
June. The average evapotranspiration rate was 1.16 mm day-1 during the observation
period. During the growing season, from 1 June to 31 August, the average
evapotranspiration and transpiration rates were 1.49 and 1.1 mm day-1, respectively.
The total evapotranspiration from the forest consists of the transpiration from larch
trees and the understory evapotranspiration. The difference between the total
evapotranspiration calculated from the latent heat flux above the canopy and the
transpiration estimated by sap flow velocity shown in Figure 11 gives the understory
evapotranspiration (except for rainy days). Figure 12 shows the time series for the
understory evapotranspiration, obtained from the difference between evapotranspiration
from the forest and transpiration from the trees and from the pan measurements, and the
surface soil moisture content. The two seasonal patterns of understory evapotranspiration
agree well. The surface soil moisture decreased monotonously from the beginning of
June to the end of August. On the other hand, the understory evapotranspiration
fluctuated during this period, so there was no remarkable relationship between the
understory evapotranspiration and the surface soil moisture content. From 4 June to 7
September, the amount of understory evapotranspiration calculated from the difference
between evapotranspiration from the forest and the trees was 45.2 mm, which equaled
35% of the total evapotranspiration. This ratio is high compared with values obtained for
forests in warm, humid regions with dense canopies. On the other hand, the percentage of
understory evapotranspiration to the total evapotranspiration at this site is similar to
previously reported values (Kelliher et al., 1997, 1998, Baldocchi et al., 1997). The
percentages of understory evapotranspiration were not as high (13 - 15%) in pine and
spruce forests in Sweden because of the high LAI (Lindroth, 1985, Grelle et al., 1997).
The understory evapotranspiration is not negligible in Siberian forests.
The maximum stem flow was only 0.07% of the gross amount of precipitation
during each event, so stem flow could be neglected in the water balance. On the other
hand, throughfall was 78.5 - 89.2% of the gross amount of each precipitation event.
Therefore, the interception evaporation was about 15% of the precipitation. This value is
lower than in the Swedish pine-spruce stand (Grelle et al., 1997), because the canopy is
sparser in the Siberian larch forest than in the Swedish pine-spruce forest.
From these results, the water balance from 21 April 1998 to 7 September 1998 can
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be summarized as follows: Total water input was 211 mm, including the water equivalent
of the snow cover (105 mm). Evapotranspiration from the forest was 151 mm, and the
understory evapotranspiration was equal to 35% of the total evapotranspiration. The
interception evaporation, 16 mm, was 15% of the gross precipitation at the open site. The
total evapotranspiration exceeded the total precipitation, and snowmelt water
compensated for this deficit.

CONCLUDING REMARKS
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The energy and water exchanges in a Siberian larch forest were measured. The
following new insights were gained in this study:
(1) The latent heat flux increased rapidly as the larch stand began to foliate, and the
sensible heat flux dropped at the same time. The latent heat flux peaked at the
beginning of July and decreased gradually after the middle of August. Melting snow
did not have a direct effect on the changes in the energy balance above the canopy,
and plant activity was important for the seasonal variation in the water and energy
exchanges.
(2) The seasonal variation in the Bowen ratio was clearly “U”-shaped. The minimum
values, about 1.0, occurred from the middle of June to the middle of July. The Bowen
ratio was quite high in the early spring, and reached 10 -25.
(3) The canopy resistance far exceeded the aerodynamic resistance, and it fluctuated
widely. The value of rcmin was 100 sec m-1. The saturation deficit and air temperature
controlled the canopy resistance, and the saturation deficit strongly limited the
canopy resistance. The canopy resistance was higher during the leaf-fall season than
in the foliated season, as the saturation deficit had the same value. This suggests that
the senescence of the foliage also affects the canopy resistance.
(4) The 151 mm of evapotranspiration from the forest was 73% of the total input water,
including melt water, from 21 April to 7 September 1998. This value exceeds the
amount of precipitation during this period. The magnitude of the understory
evapotranspiration was not negligible, and was 35% of the total evapotranspiration.
The interception evaporation was equal to 15% of the precipitation.
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Captions of Figures and Tables
Figure 1 Time series for the daily meteorological elements at the top of the observation
tower. (a) Time series of the net all-wave radiation and the four radiative
components. Rn: net all-wave radiation, Sd: downward short-wave radiation,
Su: upward short-wave radiation, Ld: downward long-wave radiation, Lu:
upward long-wave radiation. (b) Time series of the air temperature and the
relative humidity. Ta: air temperature, RH: relative humidity. (c) Time series of
wind speed.
Figure 2 Power spectra of vertical wind speed (a), air temperature (b), and water vapor
density (c).
Figure 3 Cospectra of vertical wind speed - air temperature (a) and vertical wind speedwater vapor density (b).
Figure 4 Power spectra (a) and cospectra (b) obtained from the raw data and the corrected
data for water vapor density. Bold lines show the values calculated using the
corrected data, and fine lines show the values calculated using the raw data.
Figure 5 Time series for the daily net all-wave radiation and the ground heat flow (a),
the sensible heat flux and the latent heat flux (b), and the Bowen ratio (c). The
energy balance components and the Bowen ratio indicated in this figure are for
a dry canopy only.
Figure 6 Time series for the soil temperature.
Figure 7 Time series for the aerodynamic and canopy resistances. These resistances
were not calculated for rainy days.
Figure 8 Relationship between the canopy resistance (a), the evapotranspiration
efficiency (b) and the saturation deficit above a dry canopy.
Figure 9 Relationship between the canopy resistance and the incoming solar radiation
above a dry canopy.
Figure 10 Relationship between the canopy resistance and the air temperature above a
dry canopy.
Figure 11 Time series for the daily total evapotranspiration from the forest and daily
transpiration from the larch trees only. The daily evapotranspiration and the
daily transpiration were calculated from the latent heat flux and the sap flow
velocity, respectively.
Figure 12 Time series for the understory evapotranspiration (a) based on the difference
between total evapotranspiration and transpiration (●), and pan measurements
(○) , and surface soil moisture content (b).

20

Final.doc

Takeshi OHTA et al.

5

Table I Summary of the measurement system.
Table II Details of the sample trees used for sap flow velocity measurement.
Table III The ratio of the latent heat flux obtained by the eddy correlation method to the
value obtained by the energy balance method.
Table IV Roughness length and zero plane displacement height for different canopy
conditions.
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Table I
Observed items
Short-wave radiation (upwards and downwards)
above the canopy and the forest floor
Long-wave radiation (upwards and downwards)
above the canopy and the forest floor
Net all-wave radiation
above the canopy and the forest floor
Air temperature and relative humidity
2 levels above the canopy; 31.4, 24.6 m
2 levels under the canopy; 5.7, 1.8 m
Wind speed (wind run)
3 levels above the canopy; 32.0, 27.0, 24.8 m
3 levels under the canopy; 14.9, 5.7, 1.9 m
Canopy surface temperature
Sensible heat flux
at the top of tower (32 m height)
Latent heat flux
at the top of tower (32 m height)
Ground heat flow
0.05 m depth
Ground temperature
7 depths; 0, 0.1, 0.2, 0.4, 0.6, 0.8, 1.2 m
Soil moisture content
5 depths; 0.1, 0.2, 0.4, 0.6, 0.8 m
Throughfall
Stem flow

Sensor type
CM-6F; Kipp & Zonen
MS-201F; Eiko
Q7; REBS
HMP-35D
Vaisala

Data logging
Logging: 1 minute.
Record: 5 minutes average value
Logging: 1 minute.
Record: 5 minutes average value
Logging: 1 minute.
Record: 5 minutes average value
Logging and record: 5 minutes

AC-750; Makino

Record: 5 minutes average value

4000-4GL; Everest
DA-600; Kaijo

Logging and record: 5 minutes
Record: 13.67 minutes average value

LI-6262; Li-COR

Record: 13.67 minutes average value

MF-81; Eiko

Logging and record: 5 minutes

TS101; Hakusan Kougyo

Logging and record: 5 minutes

P2 sensor; TRIME IMKO

Logging and record: 5 minutes

Manual observation
Manual observation

every precipitation event
every precipitation event
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Table II
Tree used for
sap flow
measurement
A
B
C
D

Tree height

(m)
14.7
16.1
18.9
16.3

Diameter of
tree trunk at
breast height
(m)
0.121
0.161
0.308
0.156
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Area of tree
canopy

Height of heat
pulse sensor

(m2)
6.7
9.5
28.5
5.9

(m)
1.0
1.0
1.0
1.0
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Table III
Canopy condition
Leafless canopy
Opening leaves
Foliated canopy

Ratio of latent heat flux obtained by the eddy correlation method
to that obtained by the energy balance method
0.316
0.406
0.533
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Table IV
Canopy condition
Leafless canopy
Foliated canopy

z0 (m)
2.31
2.58

d (m)
5.51
6.24
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Figure 2
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Cospectrum (n Cw't' )

Figure 3
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Figure 4
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Figure 6

unit ( oC)
0

Depth (cm)

-20
-40
-60
-80
-100
-120

Feb. Mar.

April

May

June

July

Aug.

Sep.

Oct.

Nov.

Month of 1998

31

Final.doc

Dec.

Takeshi OHTA et al.

Figure 7
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Figure 9
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Figure 10
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Figure 11
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