Chapter 13
Hydrological Aspects in a Siberian Larch Forest

T. Ohta

13.1 Introduction

Understanding the water cycle is crucial for ecological studies, because all life both
depends on water and affects the water cycle. Energy exchanges between biomes
and the atmosphere are also strongly tied to water cycles through evapotranspira-
tion. Therefore, clarifying hydrological processes and features can greatly contrib-
ute to a deep understanding of ecological systems.

The high latitudes are characterized by low precipitation and short growing seasons
due to the cold winter climate. Several studies have used general circulation models
(GCMs) to examine the effects of high-latitude forests on water, energy, and carbon
(WEC) cycles (e.g., Bonan et al. 1992, 1995) and have been followed by in situ
observational studies. Some projects of WEC cycles have been carried out in high-
latitude regions, including the northern hemisphere climate processes land surface
experiment (NOPEX) on the Scandinavian Peninsula (Halldin et al. 1998) and the
Boreal ecosystem-atmosphere study (BOREAS) in North America (Sellers et al.
1995). In Siberia, WEC cycles observations began in the late 1990s. The terrestrial
carbon observation system-Siberia (TCOS-Siberia) study examined WEC exchanges
in European Russia and Western Siberia (Schulze et al. 2002). Through intensive
observations and analyses, the study revealed numerous characteristics not only of
grasslands and bogs but also of forests, as well as distinctive characteristics of
high-latitude WEC cycles. Examples of high-latitude WEC characteristics
include relatively low evapotranspiration, the importance of tree phenology, and
large contributions of understory vegetation.

Despite its having a more severe climate than the regions mentioned above,
much of Northeastern Siberia is covered by taiga forests dominated by Larix cajan-
deri (Chap. 3, this Vol.). Yakutsk, located along the middle reaches of the Lena
River, has an annual average temperature of only —10.2°C and annual precipitation
of 235 mm. Moreover, extensive continuous permafrost exists in Northeastern
Siberia, while relatively little permafrost exists in North America, Scandinavia, and
Western Siberia (see Fig. 1.1. this Vol.). Therefore, the interactions between forests
and permafrost in Northeastern Siberia likely result in unique hydrological features
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in this region compared with other climate zones. As a first attempt to understand
WEC cycles in Northeastern Siberia, Kelliher et al. (1997) conducted field studies
for a short period during summer 1993 using an eddy correlation method. Long-term
studies near Yakutsk have subsequently been carried out, including collaborative
research between Russia and Japan as part of the global water and energy cycle
experiment (GEWEX), Asian Monsoon Experiment-Siberia (GAME-Siberia;
Lawford et al. 2004; Yasunari 2007), the Core Research for Evolutional Science
and Technology (CREST)/Water and Energy Cycles in Northern Forests (WECNoOF)
project (http://www.agr.nagoya-u.ac.jp/~wecnof/), and the Russian—Dutch project
PIN-Matra (Moors et al. 2006).

This chapter first discusses the hydrological characteristics of a Northeastern
Siberian larch forest and then examines hydrological differences between permafrost
and non-permafrost regions. Finally, the water cycle is estimated at a continental water-
shed scale using a land surface model (LSM) that incorporates in situ observations.

The water and energy balances are strongly related to the carbon dioxide
exchange. Net ecosystem exchange of carbon dioxide in a permafrost larch stand is
discussed by Y. Nakai (see Chap. 10, this Vol.).

13.2 Approaches to Study Stand-scale Hydrological
Characteristics in a Larch Forest of Northeastern Siberia

13.2.1 Study Site for the Stand-scale Investigation

The observation site is located at the middle reaches of the Lena River, approximately
20 km north of Yakutsk city (62°N, 129°E, 220 m a.s.l.), and on the left bank of the
river. This site, called Spasskaya Pad, is part of an experimental forest of the Institute of
Biological Problems in the Cryolithozone, Russian Academy of Sciences. A 32-m-high
meteorological tower was installed at the site in 1996, and full observations have been
carried out since 1998. The topography is flat but inclining slightly northward.

The dominant overstory species is Larix cajanderi; the larch stand has a density
of 840 trees ha™!, a mean tree height of 18 m, and a leaf area index (LAI) of
1.56 m®>m=2. The forest floor is fully covered with Vaccinium vitis-idaea, with an
LAI of approximately 2.0 m>m™. Roots are concentrated in a surface soil layer
0-20 cm deep; only 1.5% of the surface area of roots is distributed below 50 cm
deep. Larix cajanderi is a deciduous species having clear phenological changes
throughout a year. From 1998 to 2006, larch leaves started to flush from late April
to late May (weeks of the year 16-21), and the canopy reached a mature condition
during the following 2—4 weeks. The start of leaf fall varied yearly but generally
occurred from late August to late September (weeks of the year 34-37), and almost
all leaves had fallen by 10-20 days after the start of leaf fall.

Further details of the site have been provided by Ohta et al. (2001), Dolman
et al. (2004), Hamada et al. (2004), and Ohta et al. (2008).
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13.2.2 Measurement of Meteorological and Environmental
Variables

Meteorological elements were measured at several heights on the 32-m-high
tower, at six levels from 1998—2000 and at four levels since 2001. Downward and
upward shortwave radiation (Sd, Su) and downward and upward longwave radia-
tion (Ld, Lu) were observed at the top of the tower and above the forest floor.
In addition, photosynthetically active radiation (PAR), both downward and upward
(Pd, Pu), was measured at two levels. Wind direction was observed at the top of
the tower only, while wind speed was observed at six or four levels using three-cup
anemometers. Air temperature and relative humidity were measured at all levels,
with ventilation.

Soil temperature (7',) and soil water content (SWC) were also measured at sev-
eral depths. Platinum resistance thermo-sensors were used to measure soil tempera-
ture, and time domain reflectometry (TDR) soil-moisture sensors were used to
obtain SWC. Ohta et al. (2001) and Ohta et al. (2008) have reported details of these
measurements.

13.2.3 Measurement of Water Vapor and Energy Fluxes

Water vapor and energy fluxes above the canopy were obtained by an eddy correla-
tion method using a three-dimensional ultrasonic anemometer (3D-SAT) and an
infrared gas analyzer (IRGA). Energy balance above a canopy was given as follows:

—~G=H+LE+Jy+Jg+Jy, (13.1)

where Rn is net all-wave radiation (W m=), G is ground heat flow (W m™), H is
sensible heat flux (W m™), LE is latent heat flux (W m), and J,J, J, are heat
storage in the air mass below the 3D-SAT and IRGA, in the soil layer between the
soil surface and ground heat flow plate, and in the biomass. The J, consists of sen-
sible heat storage (J,) and latent heat storage (J)).

The relationship between available energy and the sum of turbulent fluxes and
heat storage is given as

H+LE+Jy+Jg+Jy =a(Ry, —G)+ B, (13.2)

where a, B are coefficients. Energy balance is completely closed when ¢ is 1.0 and
Bis 0.0. At the study site, o and 8 have values of 0.90 and —4.0, respectively. The
value of ¢ dropped to 0.75 when heat storages J , J, and J were ignored at the site
(Ohta et al. 2001; Matsumoto et al. 2008a). The magmtudes of J, and J, were not
small but led to small J, because these storages often had reverse dlrectlons and
offset each other. This result implies that heat storage in the surface soil and biomass
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is very important for energy balance in a Northeastern Siberian larch forest, because
a sparse larch forest allows more radiation to penetrate under the canopy.

13.2.4 Evaluation of Hydrological Cycles in the Lena River
Basin

Hydrological aspects at a continental watershed scale were investigated using an
LSM and a distributed runoff model (DRM) coupled with the LSM. These models
were applied over Central and Northeastern Siberia, including the Lena River and
Kolyma River basins.

The LSM used was originally proposed by Yamazaki (2001) and developed to a
watershed scale by Park et al. (2008). The model included three submodels for
vegetation, snow, and soil processes. In the vegetation submodel, the canopy was
divided into crown space and trunk space. The physiological responses to environ-
mental variables were described by a Jarvis-type model. The parameters in the
conductance responses are universal for all vegetation types in Far East Asia, from
boreal to warm-temperate forests, based on the results obtained by Matsumoto et al.
(2008b). Permafrost processes (i.e., melting and refreezing of the soil layer) were
performed in the soil submodel. The watersheds analyzed were divided into
0.5x0.5" grids, and outputs from the LSM were obtained in each grid.

The DRM was originally described by Lu et al. (1989) and developed for
Siberian rivers by Hatta et al. (2009). The runoff processes on slope and river chan-
nels were calculated in this model using a kinematic wave method. Hydraulic
characteristics of channels were obtained from satellite data. Input for this DRM was
outflow from a soil column simulated by the LSM described above. The DRM
described not only the runoff processes but also breaking-up and freezing processes
of river ice.

13.3 Seasonal and Interannual Variation of Energy
Partitioning above the Siberian Larch Forest

Here, we discuss the partitioning characteristics of available radiation energy,
Rn -G, into latent and sensible heat fluxes on seasonal and interannual tempo-
ral scales. Figure 13.1 shows the seasonal variation of net all-wave radiation;
ground heat flow, including the energy for snowmelt; latent and sensible heat
fluxes; and the Bowen ratio (the ratio of latent heat flux to sensible heat flux)
above the canopy in 1998 based on daily values (Ohta et al. 2001). It shows
only time series obtained over a dry canopy condition. The bar at the bottom
of Fig. 13.1 shows the seasonal change of land surface conditions such as
snow coverage and leaf phenology, which was determined by in situ observation.



13 Hydrological Aspects in a Siberian Larch Forest 249

250 T I L | L

—&— Net radiation

o Ground heat flow
including snow melt
"i

250 T T T T T T T T T T T T T

—— Sensible heat flux
;@g@
I T
.

[V

200

150

100

Flux density (W m-2)

50

EERE RSN AN NN

TIT T[T T[T T[T T rr[rros

=3

200
—{0— Latent heat flux

150

100

Flux density (W m-2)

50

||||l’|||||'||||'l||||||
EERENEENE NN AN EE NN}

25 T

(7]

20

15

Bowen ratio

10

po oo le sl e el liaas

AR S ERREREREREERRREE RERE

.ll}l‘&m&J.% .

April May June July  Aug. Sep. Oct.

Snow free ) 1998
& leafless Foliated
Surface
condition
Snow covered Opening leaves Falling leaves

Fig. 13.1 Seasonal variation of energy budget components, Bowen ratios and land surface condi-
tions obtained in the Siberian larch forest in 1998. (a) Net all-wave radiation (filled circle) and
ground heat flow (open circle); (b) sensible heat flux (filled square) and latent heat flux (open
square); and (c) Bowen ratios. (Ohta et al. 2001)



250 T. Ohta

The latent heat flux remained low until the beginning of leaf emergence (i.e.,
bud break) at the end of May and then increased quickly toward the middle of
June as the leaves opened and developed fully. The timing of leaf emergence
of the larch trees almost agreed with the timing of permafrost thawing to
depths of 10-20 cm. On the other hand, the sensible heat flux peaked in the
middle of May and then dropped suddenly, even though net all-wave radiation
was still increasing. Consequently, the time series of Bowen ratios (Fig. 13.1c)
had a clear U-shape, with a minimum value of 1.0 during the growing season
(June and July). This result indicates that the phenological effect on water and
energy exchanges above the canopy is more significant than that of snow dis-
appearance, although the soil surface condition became quite wet just after
snow melt. Snow melt is a significant hydrological event from the viewpoint
of runoff processes, but it does not have remarkable effects on the water and
energy exchanges between forests and the atmosphere. Further, the minimum
Bowen ratio (~1.0) was higher than that obtained at tropical and temperate
forests, but typical for or somewhat lower than values at other boreal forests
(e.g., Sellers et al. 1995; Kelliher et al. 1997, 1998; Tchebakova et al.
2002).

An evaporative fraction, presented by Barr et al. (2006), was used to examine the
interannual energy balance features:

LE
A_

- , (13.3)
LE+H

where A is the evaporation fraction. Figure 13.2 shows the interannual time
series of the latent and sensible heat fluxes above the canopy (upper panel) and
the evaporative fraction (lower panel) (Ohta et al. 2008). Interannual fluctuation
of latent heat flux was smaller than that of sensible heat flux. The evaporative
fraction ranged from 0.379 to 0.678, with an average value of 0.477 and stan-
dard deviation (SD) of 0.182 during the growing season (June, July, and
August). The corresponding Bowen ratios for these months were 1.10, 1.64,
and 0.475, respectively.

As mentioned above, the average evaporative fraction was smaller in the
Siberian larch forest than in temperate forests. Hamada et al. (2004) obtained simi-
lar Bowen ratios (1.0-2.0) in a Scots pine (Pinus sylvestris) forest located about
2 km south-east of the present study site of L. cajanderi forest during mid-summer
of 2000. A small portion of available energy was partitioned to latent heat flux in
the Siberian forest. However, the highest evaporative fraction was 0.678, which is
equal to or somewhat larger than the values reported for several temperate forests
(Kosugi et al. 2006, 2007). High evaporative fractions were found in wet years.
These results imply that the low partitioning rate into latent heat flux is not an
inherent characteristic of Siberian larch forest and that the portion of latent heat
flux will increase under the more suitable growing conditions (e.g., higher soil
water condition).
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Fig. 13.2 Interannual variation of sensible heat flux (open circle) and latent heat flux (filled circle)
(upper panel), and evaporative fraction (lower panel) over the Siberian larch forest during a period
1998-2006 (Ohta et al. 2008)

13.4 Water Balance of One-dimensional Scale in the Siberian
Larch Forest

13.4.1 Interannual Variation

The water balance is described as follows:
P=E+AS+R, (13.4)

where P is the amount of precipitation (mm), E is the amount of evapotranspiration
(mm), AS is the change in soil water storage between the first and the last day in a
water budget period (mm), and R is the residual (mm). Positive R indicates runoff
from a water balance system, while negative R indicates inflow into the system. In
this section, because we focus on the temporal variation of the water balance in the
Northeastern Siberian larch forest, the unit of each term in Eq.(13.4) is mm y~'.
Here, we define a water year as the 365 days from October 1 of the previous calendar
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year to September 30 of the current year. That is, year “N” means the 365 days from
October 1 of year “N-1” to September 30 of year “N.”

Figure 13.3 shows the interannual variation of each water balance component
presented in Eq.(13.4) (Ohta et al. 2008), and Table 13.1 presents the means and
SDs of the components (Ohta et al. 2008). Evapotranspiration in the cold period
from October to April is not included in the figure and the table because of the
negative net all-wave radiation and very low temperatures. The annual precipitation
amount ranged widely from 111 to 347 mm y~! (SD=82.3 mm). In comparison, the
annual amount of evapotranspiration was relatively steady (SD=19.7 mm), varying
from 169 to 220 mm y~'.

In non-permafrost regions with low annual precipitation (particularly areas with
less than 500 mm y~! of precipitation), the annual amount of evapotranspiration has
been found to vary linearly with the annual precipitation amount, with a very slight
deviation (Zhang et al. 2001). Figure 13.4 shows the empirical relationships
between annual precipitation and annual evapotranspiration in watersheds covered
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Fig. 13.3 Interannual variation of water balance components in the Siberian larch forest during a

period 1998-2006. One water year is defined as 365 days from October 1 in the previous year to
September 30 in the following year. (Ohta et al. 2008)
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with forests (solid line) and grass (dotted line) with an annual precipitation range
of 0-500 mm y~', as obtained by Zhang et al. (2001). This figure also presents
results for the larch forest (closed circles) and the nearby Scots pine forest (open
circles) located approximately 2 km southeast of the larch forest (Hamada et al.
2004). Variation of evapotranspiration was much smaller in the Siberian forest
ecosystem than in non-permafrost forests. This contrast is very important in under-
standing the effects of permafrost on hydrological aspects in this region.

Sugimoto et al. (2002) examined the water usage of larch stands near Yaktsuk using
a stable isotope of oxygen, 50'3. They took water samples from precipitation, soil layers
at several depths, and trees. The results showed that trees uptook precipitation water in
wet years, but transpired permafrost meltwater in drought years. This result indicates
that permafrost serves as a buffer for interannual fluctuation of precipitation.

As shown in Table 13.1, there was a significant difference in changes in soil
water storageAS and residual R and in the maximum thawing depth of permafrost
between the periods 1998-2003 and 2004-2006. The change of SWC was very
small, —6.6 mm, with a wide SD of 69.6 mm during 1998-2003. The residual indi-
cated runoff of 61.9 mm during this period. By contrast, in 2004-2006 the changes
of SWC significantly increased to 101.3 mm and the residual became a negative
value of —27.0 mm. In addition, the thawing depth of permafrost was much deeper
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in 2004-2006 than in 1998-2003. The negative residual indicates inflow into the
water balance system and implies that the increase in SWC cannot be explained
only by the approximately 25 mm increase in precipitation. Ohta et al. (2008) dis-
cussed several possible reasons for the negative residual, but the exact causes have
not yet been determined. Regardless of the reasons, the soil water regime is a key
factor in understanding hydrological features in the permafrost regions.

13.4.2 Annual Evapotranspiration and Environmental Variables

Here, we discuss environmental parameters affecting the interannual variation of
evapotranspiration at the Siberian larch forest. Several previous reports have exam-
ined environmental variables affecting evapotranspiration on diurnal and seasonal
scales in Siberian forests (Ohta et al. 2001; Hamada et al. 2004; Dolman et al.
2004). These studies have noted the importance of atmospheric water deficit in
Northeastern Siberian larch and pine forests at these temporal scales. The variables
affecting WEC cycles likely vary according to the spatiotemporal scale of focus
(Baldocchi et al. 2001; Katul et al. 2001; Stoy et al. 2005). However, little is known
about the environmental parameters affecting evapotranspiration at an interannual
scale because of the lack of long-term data for permafrost regions.

Figure 13.5 shows the interannual variations of four environmental variables
(short-wave radiation, air temperature, atmospheric water vapor deficit, and SWC)
and evapotranspiration normalized by potential evaporation E/Ep, and their relation-
ships. These values were averaged for the growing season (June, July, and August).
No significant relationships were observed except for evapotranspiration and surface
soil moisture content. It might seem surprising that we did not find a clear relation-
ship between mean temperatures and E/Ep, because air temperature is considered to
be one of the most important variables limiting evaporation in cold regions. Dolman
et al. (2004) emphasized the importance of surface conductance for daily or seasonal
variation of evapotranspiration; they reported that evapotranspiration was low when
trees were exposed to very dry air, even if soil moisture did not limit stomata closure.
However, we found no clear relationship between atmospheric water vapor pressure
and E/Ep, as shown in Fig. 13.5c. These results basically agree with those obtained
by Stoy et al. (2005), who found that the major environmental variables affecting
WEC exchanges varied according to the temporal scale.

Figure 13.6 shows the time series of annual precipitation and SWC in the surface soil
layer (0-50 cm) during June, July, and August. The interannual variation of SWC
lagged that of annual precipitation by one year. Summer precipitation would be stored
in the surface soil, which froze from late autumn to the following spring. Thus, the
permafrost has a 1-year memory of precipitation and functions as a buffer for the inter-
annual variation of precipitation. Because of this memory function, we could not find
clear relationships between evapotranspiration and precipitation, and SWC was the
most important factor for E/Ep. The interannual fluctuation of plant activity has also
been examined by dendrochronology. Rigling et al. (2001) used tree-ring analyses to
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examine the relationships between climate and tree growth. They found that tree growth
strongly corresponded to the amount of precipitation in the previous summer in Siberian
forests. This result further demonstrates that frozen soil has a 1-year memory of precipi-
tation. The 1-year time lag of SWC or plant activity is also found at the stand scale in
the region of continuous permafrost in Central Siberia (see Chap. 17, this Vol.).

As mentioned previously, Siberian larch trees uptake permafrost melt water in
drought years, and the permafrost reflects interannual variations of precipitation with
a l-year time lag. These two buffers result in the small interannual fluctuation of
evapotranspiration, even in a region of relatively low precipitation, and in a signifi-
cantly different relationship between annual precipitation and evapotranspiration
compared with relationships obtained in non-permafrost regions (Zhang et al. 2001).
A similar tendency might occur in photosynthetic activities in Siberian larch forests.

13.4.3 Water and Energy Exchange Differences between
Non-permafrost and Permafrost Areas of Siberia

While Northeastern and Central Siberia are broadly covered with continuous perma-
frost, there is less permafrost in Western Siberia (Fig. 1.1, this Vol.). The distribution
of the permafrost is also much more extensive in Northeastern Siberia than that in
Central Siberia, where its distribution is either discontinuous or sporadic in the south-
ern part of the region. However, few studies have investigated water and energy cycles
in those regions. Tchebakova et al. (2002) investigated the water and energy exchanges
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in a Scots pine (Pinus sylvestris) forest without permafrost at the Zotino site near the
eastern boundary of Western Siberia. They examined seasonal variations of energy
balance components. The seasonal time series of sensible heat roughly followed that
of net all-wave radiation and did not show a clear peak just before the growing season,
unlike in the larch forest in Northeastern Siberia. On the other hand, the course of
latent heat flux was rather stable during the growing seasons. A similar time series was
found at another Scots pine forest near Yakutsk in Northeastern Siberia with perma-
frost (Hamada et al. 2004). The differences in the seasonal variation of sensible and
latent heat fluxes might have resulted from difference in the forest types, i.e., evergreen
(pine) versus deciduous (larch), rather than the existence of permafrost.

The amount of evapotranspiration fluctuated from 147 to 196 mm during June,
July, August, and September with annual precipitation of 188 to 209 mm in the
same period (Tchebakova et al. 2002). The daily evapotranspiration rates were
0.6-2.0 mm d~'. These rates were in the same range as that found in Northeastern
Siberia, despite differences in forest types and permafrost existence, but lower than
the range for Scandinavian boreal forests (Grelle et al. 1999). The range of fluctua-
tion in evapotranspiration during the growing seasons was wider than that of the
precipitation. This result shows clear difference in the interannual variation of
evapotranspiration between permafrost (mentioned in Subsect. 13.4.1 and 13.4.2)
and non-permafrost regions within the Siberian taiga.

Tchebakova et al. (2002) also concluded that low evapotranspiration of the Scots
pine forest in Central Siberia was due to low LAI and low SWC. This conclusion
qualitatively agrees with those obtained from the comparative analysis of boreal and
temperate forests, as discussed in Subsect. 13.4.4. Surface conductance was con-
trolled by atmospheric water vapor deficit rather than by SWC. This result also
agrees with that found for a Northeastern Siberian pine forest (Hamada et al. 2004)
where daily surface conductance was regulated by atmospheric water vapor deficit.

Several common features, including low evapotranspiration and low surface conduc-
tance, were found to be controlled by atmospheric water vapor deficit in larch forests of
Northeastern Siberia and in pine forests of Central Siberia. On the other hand, there
were different characteristics of the seasonal course of sensible and latent heat fluxes
and the interannual variation of evapotranspiration. However, we cannot conclude
which effect was more significant; forest types, existence of permafrost, or both.

13.4.4 Water and Energy Exchange in Different Environments
and Climates

13.4.4.1 Seasonal Variations and Magnitudes among Climates

In recent decades, various single-site studies have examined canopy-atmosphere
water and energy exchanges in different climates, e.g., tropical forest (Shuttleworth
et al. 1984; Malhi et al. 2002; Kumagai et al. 2005), temperate forest (Verma et al.
1986; Kosugi et al. 2006), and boreal forest (Kelliher et al. 1997; Ohta et al. 2001).



13 Hydrological Aspects in a Siberian Larch Forest 259

These studies have suggested that the latent heat flux or evapotranspiration is generally
smaller in boreal forests and that a larger part of available energy is consumed as
sensible heat flux in high-latitude areas. However, the major factors characterizing
hydrological aspects, especially evapotranspiration, have not yet been clarified.
Matsumoto et al. (2008a) examined differences in water and energy exchange
characteristics at five forested sites, including Siberian larch and pine forests, in
three climate zones: boreal, cool temperate, and warm temperate. Figure 13.7

Flux density (W m?)

Fig. 13.7 Interannual variation of (a) sensible heat flux (open circle) and latent heat flux (filled
circle) in the Siberian forests (fop two panels), the cool-temperate forests (middle two panels), the
warm-temperate forest (bottom panel); and (b) the evaporative fraction (Matsumoto et al. 2008a)
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Fig. 13.7 (continued)

shows (a) time series of the latent and sensible heat fluxes and (b) the evaporative
fraction A, defined by Eq. (13.3) and the Bowen ratio. They found no significant
difference in the magnitude and seasonal variation between different forest types
located in the same climate zone. However, there were remarkable differences in
the exchanges of water and energy among the climate zones. Namely, the growing
season, defined as the duration of A >0.5 (8 <1.0), was longer at sites in the south-
ern area. At northern sites, the magnitude of A was lower. The finding of smaller
latent heat flux in the northern forests agrees with previous insights obtained from
single-site studies. Maximum sensible heat flux occurred earlier than maximum
latent heat flux, and time lag of the latent heat flux peak was shorter at northern
sites. Regardless of the climate zone, the timing of maximum sensible heat flux
coincided with that of leaf emergence of deciduous trees. In the warm-temperate
forest, the sensible heat flux had a maximum value in April. Subsequently, the
sensible heat flux decreased to only approximately 20-30 W m~2, and the latent heat
flux increased to more than 100 W m= in July and/or August. On the other hand, in
the two boreal forests, maximum latent heat flux lagged the peak of sensible heat
flux by only 2-4 weeks, and the sensible heat flux remained high (more than
50 Wm™) and somewhat larger than the latent heat flux even during the mid-
growing season in two boreal forests. The effect of atmospheric heating was more
significant in the boreal forests than in the temperate forests.
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13.4.4.2 Factors Controlling the Difference in Water and Energy Exchanges
among Climate Zones

In this section, we discuss the major factors causing differences in water and energy
exchanges among the climate zones mentioned above. Matsumoto et al. (2008a)
compared the atmospheric and land-surface regulations of daily evapotranspiration
(E,; mm d™") based on potential evaporation (Ep) and an evapotranspiration coeffi-
cient (a). The relationship of the three variables is given as:

Ey= aEp, (13.5)
where E_ represents the atmospheric demand for evaporation under a given atmo-
spheric condition and a indicates regulation of evapotranspiration by land surface
processes.

Figure 13.8 shows the relationships between the evapotranspiration coefficient
and daily evapotranspiration in July and August at each site. Solid lines indicate
potential evaporation of 1-6 mm d~'. The values of E ranged from 4-4.7 mm d!
in the two Siberian forests and from 4-5.1 mm d=' in the three temperate forests.
The atmospheric demand for evaporation in the Siberian forests was quite similar
to that in the temperate forests. This result indicates that there was no significant
difference in the atmospheric demand for evaporation among the climates and that
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Fig. 13.8 Relationships between the evapotranspiration coefficient a and daily evapotranspiration
rates at five forests in Siberia and temperate climate zones. Solid lines indicate potential evapora-
tion for each value presented. (Matsumoto et al. 2008a)
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the differences in water and energy exchange did not result from the atmospheric
conditions. By contrast, the ranges of a values clearly differed between the boreal
and temperate forests, with values of 0.3—0.5 in the Siberian forests and 0.6-0.8 in
the temperate forests. These values indicate that evapotranspiration is strongly lim-
ited by land surface processes in the Siberian forests and that the evapotranspiration
differences among the forests in three climates mainly resulted from the variation
in land surface regulation.

Figure 13.9 shows the relationships between the parameter a and the atmo-
spheric vapor pressure deficit (D), SWC (6), or LAI, and a. Low atmospheric
humidity and/or low SWC roughly induced the low evapotranspiration coefficient
(Fig. 13.9a, b). However, a was lower in the Siberian forests than in the warm-
temperate forest at the same ranges of 8 and D. This difference can be explained by
the difference in LAI (Fig. 13.9¢): the forests with lower LAI had lower a, and there
was no clear relationship between the other environmental factors and a.

The results reported by Matsumoto et al. (2008a) also suggested that low evapotrans-
piration in the Siberian forests might have resulted from land surface processes.
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Fig. 13.9 Relationships between the evap\otranspiration coefficient a and (a) atmospheric water
vapor deficit (D), (b) SWC (0), and (c) leaf area index (LAI). Here, LAl is indicated as L accord-
ing to the original figure (Matsumoto et al. 2008a)
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In particular, atmospheric and soil moisture conditions and leaf mass (or LAI) appeared
to strongly affect the differences in evapotranspiration among three climates considered.
Lower leaf mass has a significant effect not only on evapotranspiration but also on
net carbon exchange (see Chap. 10, this Vol.).

13.5 Evaluation of Hydrological Aspects in Northeastern
Siberia

Previous sections have discussed hydrological aspects at the stand scale. However,
regional characteristics cannot be understood only by stand-scale analyses. Here,
we examine results obtained from the LSM and DRM analyses to understand
regional-scale hydrological aspects over Central and Northeastern Siberia.

The results of the LSM (Park et al. 2008) and the DRM (Hatta et al. 2009)
agreed well with the annual water balance and hydrographs at four major hydro-
logical observation stations located along three tributaries and the mouth of the
Lena River (results not shown). Table 13.2 shows the precipitation and evapotrans-
piration obtained by four studies. The evapotranspiration estimated by Park et al.
(2008) agreed well with the results of previous studies, suggesting that Northeastern
Siberia has unique surface conductance responses and supporting Matsumoto
et al.’s (2008b) hypothesis that surface conductance responses against environmen-
tal variables are potentially similar throughout Siberia, despite wide variation in
tree species and forest types. Figure 13.10 shows fields of mean net all-wave radia-
tion, latent and sensible heat fluxes, and ground heat flow over Central and
Northeastern Siberia during the period of 19862004 (Park et al. 2008). According
to their results, energy consumption into the latent heat flux was twice as large
(~25 Wm™) in the boreal forests than in the tundra region. Tundra with low LAI
might have low surface conductance due to rapid desiccation (Beringer et al. 2005).
In addition, higher transpiration in the forested area would result from higher LAI
compared with the tundra region. A dominant component of the energy balance in
the boreal forest region was latent heat flux (~50 W m2), while a dominant compo-
nent in the tundra region was sensible heat flux (~35 W m2). However, the magni-
tude of sensible heat flux was smaller in the tundra region than in the forest region

Table 13.2 Estimated annual precipitation and evapotranspiration in the Lena River basin

Precipitation

(mm y) Evapotranspiration (mm y') Source

368.9 195.9 Park et al. (2008)

403.0 224.0° Serreze et al. (2003)
182.0° Serreze et al. (2003)

350.0 160.0 Fukutomi et al. (2003)

The values of a and b were calculated by atmospheric water budget and water budget analyses
using measured runoff datasets, respectively
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Fig. 13.10 Spatial mean distribution of net all-wave radiation, latent heat flux, sensible heat flux,
and ground heat flow over Central and Northeastern Siberia during a period 1986-2004, estimated
by a land surface model (Park et al. 2008) (see Color Plates)

(~45 W m™) because available energy, Rn — G, was much higher in the forest region
(~110 W m™) than in the tundra region (~70 W m=) due to low albedo. The contrast
in the energy balance between boreal forest and tundra occurred in the magnitude
of net all-wave radiation due to albedo and in latent heat flux due to leaf mass.
Park et al. (2008) also examined the interannual variation of latent heat flux
and its controlling factor over Northeastern Siberia. They found a significantly
positive relationship between annual mean temperature during May—August
and annual evapotranspiration over Northeastern Siberia. This implies that sum-
mer air temperature strongly controlled annual evapotranspiration, in agreement
with results obtained by Suzuki et al. (2006) using the National Oceanic and Atmos
pheric Administration (NOAA)/advanced very high resolution radiometer dataset.
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These results contradict findings obtained at stand scales, mentioned in Subsect.
13.4.2 (Rigling et al. 2001; Ohta et al. 2008). Issues of spatial scaling may
explain the difference. The model result has an advantage in that it spatially
extends the representation, but at the cost of accuracy, for variables such as SWC.
The opposite holds true for single-stand studies.

In addition, Park et al. (2008) showed a negative relationship between annual
evapotranspiration and precipitation. Fukutomi et al. (2003) found an inverse rela-
tionship between these two variables in the Lena River basin, but they found no
inverse relationship in the Ob and Yenisei watersheds. The Ob and Yenisei water-
sheds have much less permafrost coverage than the Lena watershed. This interest-
ing contrast among the Siberian basins might result from permafrost conditions.

13.6 Conclusions

This section has focused on hydrological aspects of Northeastern Siberian for-
ests, which strongly affect ecological characteristics. The seasonal and interan-
nual variations of water and energy exchanges between forests and the atmosphere
were discussed based on observations using an eddy covariance technique. The
characteristics of Siberian forests were compared with those of forests located in
other climate zones of East Asia. Finally, hydrological features over Central and
Northeastern Siberia were examined based on results of the LSM analysis.
Aspects of water and energy exchanges in Siberian forests are summarized as
follows:

e The timing of latent heat flux increase and larch leaf emergence coincided. At
the same time, sensible heat flux dropped, although net all-wave radiation con-
tinued to increase. However, the magnitude of latent heat flux was almost the
same as that of sensible heat flux even in the mid-growing season. Snow melt
did not significantly affect the water and energy exchanges between the forest
and atmosphere, even in the mid-growing season, although snow melt was sig-
nificant from a hydrological perspective.

e Annual evapotranspiration did not fluctuate widely, although annual precipita-
tion showed a wide range. Annual evaporation rates were usually sensitive to
changes in annual precipitation in non-permafrost regions, but the opposite was
true in Northeastern Siberia. This difference in Northeastern Siberia was attrib-
utable to interactions between permafrost and vegetation. Interannual variation
of surface soil water lagged that of annual precipitation by 1 year. In addition,
trees can use permafrost melt water during drought years. Permafrost thus acts
as a buffer against fluctuations in annual precipitation.

e The low evapotranspiration in the Siberian forests resulted from strong land
surface regulation compared with that in temperate forests. Low SWC, high
atmospheric water vapor deficit, and less leaf mass led to the low evapotranspi-
ration rates in Northeastern Siberia.
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* Annual evapotranspiration was strongly affected by soil moisture content. This
characteristic resulted from the 1-year lag of soil moisture mentioned above.
However, contradictions were found between the stand-scale analyses and
watershed- or regional-scale investigations using an LSM or satellite data. Such
discrepancies might have been due to issues with scaling.

e At a watershed scale, hydrometeorological aspects in the Siberian taiga region
differed significantly from those in the tundra region. The magnitude of sensible
heat flux in the tundra region was similar to that of latent heat flux in the Siberian
taiga region, although the dominant turbulent flux component was sensible heat
flux in the tundra region. However, the sensible heat flux was smaller in the tundra
region than in the taiga region because of the high albedo of the former vegetation.
In addition, a negative relationship between annual precipitation and evapotrans-
piration was only found in the Lena River basin. This interesting phenomenon
might have resulted from the extensive permafrost in the Lena River basin.

As discussed above, hydrological aspects in Northeastern Siberia are strongly
affected by interactions among the atmosphere, vegetation, and soil and are particu-
larly affected by the existence of permafrost. Permafrost appears to function as a
strong buffer for the wide fluctuations of annual precipitation in the region; by this
permafrost buffer, the Siberian taiga forest can maintain stable evapotranspiration
and probably photosynthesis. Several recent studies (e.g., Peterson et al. 2002;
Yang et al. 2002; Serreze et al. 2003; McClelland et al. 2004) have reported
increases in river runoff both in North America and Siberia. Runoff can be esti-
mated as precipitation minus evapotranspiration; thus, understanding evapotranspi-
ration processes will contribute to understanding of not only ecological features but
also hydrological properties. Siberian forests also affect the spatial distribution of
precipitation. Yoon and Cheng (2006) suggested that evapotranspiration from
Siberian forests might maintain the rain belt along the high latitudes.

Woo et al. (2008) emphasized the importance of surface—subsurface processes
in the hydrological processes of the permafrost region. Vegetation should also be
considered in the examinations of the water cycles in this region. Understanding the
interactions of hydrological and ecological factors will contribute to understandings
of both of these scientific fields in the permafrost regions.
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