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Abstract. Larch forests are widely distributed across many perature and annual total precipitation. On the other hand,
cool-temperate and boreal regions, and they are expected the simulated carbon budget was partly explained by the
play an important role in global carbon and water cycles.stand disturbance history in addition to the climate. The sen-
Model parameterizations for larch forests still contain largesitivity study indicated that spring warming enhanced the car-
uncertainties owing to a lack of validation. In this study, bon sink, whereas summer warming decreased it across the
a process-based terrestrial biosphere model, BIOME-BGClarch forests. The summer radiation was the most important
was tested for larch forests at six AsiaFlux sites and used tdactor that controlled the carbon fluxes in the temperate site,
identify important environmental factors that affect the car- but the VPD and water conditions were the limiting factors
bon and water cycles at both temporal and spatial scales. in the boreal sites. One model parameter, the allocation ra-
The model simulation performed with the default decid- tio of carbon between belowground and aboveground, was
uous conifer parameters produced results that had large difite-specific, and it was negatively correlated with the annual
ferences from the observed net ecosystem exchange (NEE§limate of annual mean air temperature and total precipita-
gross primary productivity (GPP), ecosystem respirationtion. Although this study substantially improved the model
(RE), and evapotranspiration (ET). Therefore, we adjusted€rformance, the uncertainties that remained in terms of the
several model parameters in order to reproduce the observegensitivity to water conditions should be examined in ongo-
rates of carbon and water cycle processes. This model caling and long-term observations.
bration, performed using the AsiaFlux data, substantially im-
proved the model performance. The simulated annual GPP,
RE, NEE, and ET from the calibrated model were highly con-
sistent with observed values.

~The observed and simulated GPP and RE across the sighe northern high latitude region is currently undergoing
sites were positively correlated with the annual mean air temyapig and drastic warming (IPCC, 2007); the air tempera-
tures in Eastern Siberia have risen byC7in winter and 1—
2°C in annual basis during the past few decades (Dolman

Correspondence tavl. Ueyama et al., 2008). The terrestrial ecosystems in this region have
BY (miyabi-flux@muh.biglobe.ne.jp) responded to the warming climate through various feedback
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processes (Chapin et al., 2005; Hinzman et al., 2005). Thesenvironmental conditions differ spatially, and how terrestrial
changes are likely to affect the carbon and water cycles irbiosphere models perform in simulating carbon and water
boreal and cool temperate forests, altering snow cover, perdynamics. These studies are limited for larch forest ecosys-
mafrost dynamics, growing season length, and the severity ofems because of few observations in comparison, compared
summer drought. with the other forest ecosystems in North America (Baldoc-

The predicted climatic changes affect the seasonal weatheshi et al., 2001; Thornton et al., 2002) and Europe (Valentini
patterns differently (e.g. Manabe et al., 1992), and it is par-et al., 2000). However, the recent availability of observa-
ticularly important to understand how the changes in weathetions makes it possible to conduct synthesis studies for this
patterns affect terrestrial carbon and water cycles. The effectecosystem.
of current and future climatic changes on the terrestrial car- This study is a first step to understand the carbon and water
bon and water cycles over northern high-latitude ecosystemsycles of larch forest in northern Eurasia to East Asia. In this
are complex. Detected and/or potential effects include: (1)study, a process-based terrestrial biosphere model, BIOME-
the earlier onset of photosynthetic activity in high-latitude BGC (Thornton et al., 2002), was tested for larch forests at
forests due to the spring warming (Myneni et al., 2001; Kim- six AsiaFlux sites and used to identify important environ-
ball et al., 2004) leads to greater productivity and thus po-mental factors that affect the carbon and water cycles tempo-
tentially increases the carbon sink (e.g. Keyser et al., 2000rally and spatially. Our specific objectives are to (1) improve
Euskirchen et al., 2006; Welp et al., 2007); (2) the warm-the model performance by using the observed flux data; (2)
ing climate potentially stimulates the decomposition of soil clarify the environmental factors, including climate and stand
carbon (Valentini et al., 2000; Piao et al., 2007; Ueyama etdisturbance, that control the carbon and water fluxes across
al., 2009) and reduces the carbon sink; and (3) atmospherithe larch forests in East Asia; and (3) examine the response
drying over the regions of warming could affect the carbon of the carbon budget to changes in seasonal weather patterns.
and water cycles of boreal forests since the carbon and wa-
ter fluxes of boreal forests in Eurasia are highly sensitive to
changes in atmospheric humidity (e.g. Schulze et al., 19992 AsiaFlux data
Wang et al., 2005; Ohta et al., 2008).

A number of terrestrial biosphere models have been ap2.1 Site descriptions
plied to simulate the carbon and water cycles in high-latitude
ecosystems (Euskirchen et al., 2006; Kimball et al., 2007).The present study is a synthesis of 12 years of site data from
Although these models were tested with the data observegix larch forests from Eurasia to East Asia (Fig. 1). The
over the high-latitude biomes (Amthor et al., 2001; Grant etsites include the Tomakomai site (TMK), Japan; the Laoshan
al., 2005), these validations were mostly conducted for ev-site (LSH), China; the Southern Khentii Taiga site (SKT),
ergreen conifer (Cienciala et al., 1998; Clein et al., 2002;Mongolia; the Yakutsk site (YLF), Russia; the Neleger site
Ueyama et al., 2009), deciduous broadleaf (Kimball et al.,(NEL), Russia; and the Tura site (TUR) in Russia. These
1997a), or arctic tundra ecosystems (Engstrom et al., 2006)%ites are part of the AsiaFlux network (Hirata et al., 2008;
but rarely conducted for the deciduous conifer (larch) forests Saigusa et al., 2008; Mizoguchi et al., 2009), covering a
The lack of validation studies for larch forests could induce broad range of climate with annual precipitation totals from
uncertainties in predicting the high-latitude and global car-240mm to 1750 mm per year and annual mean air temper-
bon and water cycles. atures from—10°C to 10°C. In terms of seasonal climatic

Larch forests are widely distributed over many cool- variations (Fig. 2), TMK is characterized as a cool temperate
temperate and boreal regions in the northern hemispherelimate with a cool early summer, warm winter and spring,
(Gower and Richards, 1990). Across Eurasia to East Asiagnd high humidity over the course of the year (low sum-
a number of eddy covariance measurements have been comer VPD and sufficient precipitation). The LSH and SKT
ducted for several larch forests near the arctic (e.g. Ohta esites are characterized by a boreal climate with cold winters,
al., 2001; Machimura et al., 2005; Nakai et al., 2008) andhot summers, dry atmospheric conditions, although LSH has
over boreal (Wang et al., 2005; Li et al., 2005) and cool much more precipitation during the summer than SKT. All of
temperate (Hirata et al., 2007) regions. These measurementse Russian sites (YLF, NEL, and TUR) are characterized by
have revealed the important processes that determine the caa-severe continental climate with cold winters, hot and dry
bon and water cycles in larch forests, such as the environsummers, and low precipitation totals. Details of site infor-
mental factors that control evapotranspiration (Ohta et al.mation are summarized in Table 1.
2008) and carbon flux (Hollinger et al., 1998; Wang et al., TMK is a planted Japanese larchafix kaempfer) for-
2005; Li et al., 2005; Hirata et al., 2007; Nakai et al., 2008), est located at approximately 15km northwest of Tomako-
and the role of stand disturbance (Machimura et al., 2007)mai, Hokkaido, in northern Japan (Hirano et al., 2003; Hi-
Since these analyses are site-specific, we need to analyzata et al., 2007). The stand was planted in 1957-1959,
them at multiple site scales to clarify how the carbon and wa-and the stand age was about 45 years old at the time of
ter fluxes are spatially distributed, how the responses to thehis study. The forest was sparsely dominated by broadleaf

Biogeosciences, 7, 95947, 2010 www.biogeosciences.net/7/959/2010/



M. Ueyama et al.: Simulating carbon and water cycles of larch forests 961
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Fig. 1. Location of study sites from northern Eurasia to East Asia. The gray area represents a distribution of larch forest based on the
MOD12 landcover classification.

Table 1. Site characteristics.

Site Latitude Longitude Elevation (m) Species PAl Stand age Stand height Year
TMK  42°44 N 141°3TE 140 Larix kaempferi 9.2 (5.6) 45 15 2001-2003
LSH 45°20N  12734E 370 Larix gmelinii (2.5) 34 17 2004
SKT 482N 10839 E 1630 Larix sibirica 4.4 (2.7) 70-150 20 2003-2005
YLF 62°15 N 12914E 220 Larix cajanderii 3.7 (1.6) 160 18 2004
NEL 62219N 12914 E 200 Larix cajanderii 2.9 (1.9) N/A 21 2003-2005
TUR 6416N 100P12E 250 Larix gmelinii (0.3) 105 3.4 2004

@Total LAI (Larch LAI)

5 % 12 LSH is a planted larchl@rix gmelinii) forest in northern

K ” @ =< D \ 0 g China(Wang etal., 2005a, b). The forest was established as a
g A W 08 S plantation in 1969 as a pure larch forest. The maximum LAI
E — N 08 = 2 ;

2 -0 — K \ o £ of larch trees was about 2.m~2. Some broadleaf species
= zg Eiﬁé - — o S sparsely consisted of the canopy (€gtula platyphyllaand
= : = 3 00 Fraxinus mandshurida The forest floor was covered by the
_ p = ;gg - understory_\_/egetations,_ _shrubs, and species inCyyera-

£ 20 - w0 = ceousandLiliaceousfamilies.

g 150 » / — 250 § SKT is a Siberian larchL@rix sibirica) forest located at

£ 10 % = approximately 25km northeast of the Mongonmorit village
2 % - S 100 £ in the Tov province of Mongolia (Li et al., 2005, 2006,
=== == ®4& 2007). The age structure of the larch ranged fren70

123 456 78 9101121 23 456 7 8 9101112

ot ot to over 150 years old, but the oldest trees were older than

300 years. The forest experienced a large-scale fire in 1996—

Fig. 2. Seasonal variations of climate variablés) air temperature, 1997 in which approxmatel_y 37.5% of the total_ St_em density
(b) daytime VPD/(c) precipitation, andd) daytime solar radiation. ~Was burnt. The understory is composed of a distinct layer of
The data are derived from weather stations near the site from 196@rass and scattered shrubs. The maximum LAI of the larch
to 2000, except that the daytime solar radiation are from the Inter-and understory species were about 2.7 and 2.mn?, re-
national Satellite Cloud Climatology Project Radiation Flux Profile spectively.
data (Zhang et al., 2004) from 1984 to 2000. The climate data of YLF is a Cajander larchL@rix cajander) forest located
TMK are from the Japgn Meteprological Agency, and those of Otherapproximately 20 km north of Yakutsk, Russia, eastern
sites are from the National Climate Data Center. Siberia (Ohta et al., 2001, 2008; Dolman et al., 2004). The
larch trees are on permafrost soil with an active layer depth
trees Betula ermanij Betula platyphyllaandUhnus japon-  of approximately 1.2m. The LAI of the larch trees was
ica) and spruceRicea jezoens)swith an understory of ferns  1.56 n? m~2, whereas the forest floor was covered by a dense
(Dryopteris crassirhizomand Dryopteris austriack The  understory of vegetation, such¥acciniumspecies, with an
maximum LAl of larch, other overstory species, and under-LAl of 2.1m?m~2. Since there has not been a fire at the
story species were about 3.1, 2.5, and 326m? in summer,  site for at least the last 80 years, the average stand age is
respectively. 160 years.
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NEL is a larch [arix cajander) forest located on the canopy. Transpiration is regulated by the canopy conduc-
the approximately 30 km northwest of Yakutsk, Russiatance under the daily meteorological conditions of the min-
(Machimura et al., 2005, 2007). The forest is also on contin-imum air temperature, VPD, solar radiation, and soil water
uous permafrost with an active layer depth of approximatelyavailability (Jarvis, 1976).
1.0m. The average tree height was 8.6 m, and the maximum The model has three compartments for carbon and nitro-
tree height was approximately 21 m. The forest floor wasgen: vegetation, litter, and soil. Each compartment is sub-
covered byaccinium uliginosunandPyrola incarnatewith divided into four pools on the basis of differences in their
moss species. The LAI of the larch trees was 129nm?, function (e.qg., leaf, stems, coarse roots, and fine roots) and
whereas that of the understory was 1dmr2. residence time (e.g., active, intermediate, slow, and passive

TUR is a Gmelin larchl(arix gmelinii) forest located in  recycling). GPP is estimated by coupling the Farquhar bio-
Tura in the Evenkia Autonomous District in Central Siberia chemical model (Farquhar et al., 1980) with a stomatal con-
(Nakai et al., 2008). The stand age is about 105 years oldductance model (Jarvis, 1976). Ecosystem respiration (RE)
The LAI of the larch trees was 0.3 m~2. The soil type s calculated as the sum of autotrophic and heterotrophic res-
is Cryosol, and the permafrost table is within 1 m depth. Thepiration (AR and HR, respectively). The AR and HR are
forest floor was covered by some shrub species, suéfeas calculated from the carbon and nitrogen pools and the tem-
tula nanag Ledum palustreVaccinium uliginosumandVac-  perature (for AR and HR) and soil water condition (for HR
cinium vitis-idaea The ground was densely covered with only). Further details for the BIOME-BGC model have been
lichens and mosses. described in previous papers (e.g., Kimball et al., 1997a, b;

Thornton et al., 2002; Ueyama et al., 2009).
2.2 Data processing

3.2 Model modifications
We used the observed carbon and water fluxes from the eddy
covariance method for the six tower-sites. The observed neTo improve the model performance for the larch forests, we
ecosystem exchange (NEE) were partitioned into ecosystermapplied three modifications to the original model. The re-
respiration (RE) and gross primary productivity (GPP) us-quirement of these modifications were found by checking
ing relationships obtained from the nighttime NEE and air the default model output with field observations of carbon
temperature (Hirata et al., 2008; Takagi et al., personal comand water dynamics, seasonal variation in snow cover, and
munications, 2009). Quality control and gap filling of the soil temperature. First, we incorporated the seasonality of
data were conducted by standardized methods (Hirata et althe percent of leaf nitrogen in Rubisco (PLNR) based on the
2008; Takagi et al., personal communications, 2009). Ob-strong seasonal variation in the leaf C:N ratio in larch trees
served half-hourly fluxes and meteorology were aggregatedKim et al., 2005) and the seasonality of PLNR in deciduous
to a daily basis for the model input. In this study, negative trees (Wilson et al., 2000) as follows:
and positive NEE values indicate a net sink and source of

atmospheric carbon, respectively. PLNR(d) = PLNRpase (d <200
CNieat
PLNR(d) = PLNRbasa/CNIitter*(CNIitlterLCNleaf)*S (d z 200)
o d—(donset+1
3 Model S=S'n(—d%”) ey
3.1 BIOME-BGC model where PLNRaseis the maximum PLNR (which corresponds

to the PLNR of the original BIOME-BGC model); Gy is

The carbon and water cycles of the larch forests were simuthe leaf C:N ratio; Ci\er is the litter C:N ratiog is the day
lated using the BIOME-BGC model (Thornton et al., 2002). of the year; @nsetis the onset day; andy@wth is the length
The BIOME-BGC is a process-based terrestrial ecosystenof the growing period. The onset day and growing season
model that simulates biogeochemical and hydrologic pro-length are calculated by the BIOME-BGC model based on
cesses across multiple biomes. The model is driven at a dailgn empirical phenology model (White et al., 1997). The in-
time scale with the meteorological values of the daily maxi- corporation of this seasonality produces a higher GPP in the
mum, minimum, and average air temperatures, precipitationbeginning of the growing season and then a gradual decline
daytime VPD, and solar radiation. of GPP later in the growing season, results which are consis-

Evapotranspiration (ET) is estimated from the sum of tran-tent with flux tower-based GPP measurements (Hirata et al.,
spiration, evaporation from the soil and canopy, and subli-2007).
mation (Kimball et al., 1997b). Evapotranspiration is basi- Second, the original BIOME-BGC model substantially
cally calculated by a Penman-Monteith model (Running andoverestimated the snow sublimation, which induced an un-
Coughlan, 1988). Soil conductance is simply estimated fromreasonable snow disappearance in late winter and thus a wa-
the number of days since a rainfall event. Canopy evapoter deficit in the boreal summer and autumn. We simply
ration is estimated from the amount of water intercepted bymodeled the snow disappearance by using only the daily air

Biogeosciences, 7, 95947, 2010 www.biogeosciences.net/7/959/2010/



M. Ueyama et al.: Simulating carbon and water cycles of larch forests 963

Table 2. Parameters used in the BIOME-BGC model.

Parameter Original Improved
annual leaf and fine root turnover fraction (yr?) 1.00

annual live wood turnover fraction (yr1) 0.70

annual whole-plant mortality fraction (yr1) 0.005

annual fire mortality fraction (yr?1) 0.005

new fine root C : new leaf C 14 -2
new stem C : new leaf C 2.2 0.31P
new live wood C : new total wood C 0.071

new coarse root C : new stem C 0.29 0.56P
current growth proportion 0.5

C:N of leaves (kg C kg N1 27

C:N of leaf litter, after retranslocation (kg C kg N-1) 120

C:N of fine roots (kg C kg N'1) 58

C:N of live wood (kg C kg N1) 50

C:N of dead wood (kg C kg N-1) 730

leaf litter labile proportion 0.31

leaf litter cellulose proportion 0.45

leaf litter lignin proportion 0.24

fine root labile proportion 0.34

fine root cellulose proportion 0.44

fine root lignin proportion 0.22

dead wood lignin / cellulose proportion 0.29/0.71

canopy water interception coefficient (LAI-1 d-1) 0.045 0.045 (0.005)¢
canopy light extinction coefficient (m? kg C1) 0.51

all-sided to projected leaf area ratio 2.6

canopy average specific leaf area 22.0 16.0¢
ratio of shaded SLA:sunlit SLA* 2.0

fraction of leaf N in Rubisco 0.088 0.050¢
maximum stomatal conductance (m s1) 0.006 0.003f
cuticular conductance (ms™1) 0.00006

boundary layer conductance (m s'1) 0.09

PSI*: start of conductance reduction (MPa) -0.63 -0.70¢
PSI*: complete conductance reduction (MPa) -2.30 -2.609
VPD: start of conductance reduction (Pa) 610 8009
VPD: complete conductance reduction (Pa) 3100 32009

* PSI, leaf and soil water potential

* SLA, specific leaf area

@ Determined each site.

b Kajimoto et al. (1999)

€ 0.045 for the sites of TMK, SKT, YLF, NEL, and TUR, whereas 0.005 for LSH.

d Matyssek and Schulze (1987)

€ Turner et al. (2003)

f ranged in previous examined values: Pietsch et al. (1991), and Vygodskaya et al. (1997)
9 Pietsch et al. (1991)

temperature in order to make the model reproduce the obperature during the snow period was also overestimated in
served variations of water and carbon fluxes. the TMK site by the original BIOME-BGC model; this was
Third, we used the monthly moving average for the es-probably caused by the overestimation of the snow insula-
timation of soil temperature for further reproduction of the tion effect probably because the difference in snow depth,
observed results, although the original BIOME-BGC model snow density, and soil porosity among the sites. We changed
estimated the soil temperature by using the 10-day movinghe parameter for the insulation effect from 0.83 to 0.55
average of the daily air temperature. The estimated soil temat the simulations of TMK to reproduce the observed soil

www.biogeosciences.net/7/959/2010/ Biogeosciences, 799592010
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Table 3. Climate biases applied into the sensitivity study. The bias for each season was determined as three times the standard deviation of
the natural variability from the long-term climate data shown in Fig. 2.

TMK LSH SKT YLF TUR
Air Temperature{C) spring 2.8 3.7 6.0 51 6.0
summer 2.9 2.1 51 3.0 34
autumn 2.2 2.8 5.2 5.3 6.9
winter 3.2 5.1 7.7 8.1 10.2
Precipitation (%) spring 53 54 54 59 61
summer 53 39 47 57 57
autumn 62 53 42 53 57
winter 57 63 82 60 55
VPD (%) spring 58 41 43 43 42
summer 54 45 49 39 46
autumn 22 38 44 39 48
winter 40 69 38 69 33
Solar Radiation (%) spring 13 7 6 6 8
summer 22 10 7 8 9
autumn 14 8 18 15 20
winter 19 6 30 24 41

temperature. This calibration decreased the soil temperaturdisturbance of TMK and LSH, we assumed that the amount
during the snow period and thus decreased the root respiraf vegetation planted was 30% of the dynamic equilibrium

tion and HR in the winter. of the vegetation, and the rest was removed from the sites;
the leaf and fine root C and N pools were included in the fine
3.3 Model initializations litter pool. The aboveground live and dead wood C and N

pools were removed from the site, and the belowground live
The model was initialized by a spinup run, in which the dy- and dead wood C and N pools were included in the coarse
namic equilibriums of the soil organic matter and vegetationwoody debris (CWD) pools (Thornton et al., 2002). Based
components were determined by using a constant G- on the stand history (Hirano et al., 2003; Wang et al., 2005a),
centration of 296 ppm and the observed daily meteorologwe assumed that the plantations were established in 1959 for
ical data and eco-physiological parameters (Table 2). WelMK and in 1969 for LSH. Since the stands experienced a
used soil texture data (Zobler, 1986) and rooting depth datdarge-scale fire in 1996 and 1997 at SKT (Li et al., 2005), we
(Webb et al., 1993) as the model inputs for the sites wherealso implemented a fire disturbance in which 37.5% of the
site-specific observation is not available. Only for the YLF, forest was affected. The proportions of the leaf, fine root, live
NEL and TUR sites, we used the observed seasonal maxiwood, and fine litter C and N pools were assumed to be con-
mum of the active layer depth as effective rooting depth. Us-sumed in the fire and lost to the atmosphere, and the affected
ing the spinup-endpoint as an initial condition, we conductedportions of the dead wood C and N pools were sent to the
the model simulations from 1915 to the final year of the ob- CWD pools (Thornton et al., 2002). Although the stand dis-
servations with the ambient G@oncentration (Enting etal., turbance history of the mature forest sites in YLF, NEL, and
1994; Tans and Conway, 2005). In these simulations, welUR were not available, we inserted a fire disturbance just
repeatedly used the observed meteorology at the site ratha&fter the spinup run (year of 1915) for YLF, NEL, and TUR,
than the long-term meteorological records from the weathe@ssuming that the same amount as in SKT, 37.5%, was af-
stations near the sites in order to avoid biases due to data digected by the ground fire based on the fact that Siberian larch
continuities. Since the observations at YLF, NEL, and TUR forests experience a ground fire every 20-50 years (Schulze
were only conducted during periods of the vegetation growth et al., 1999).
we used the meteorological data of the National Climate Data
Center (NCDC; Global Surface Summary of Day version 8)3.4 Model applications
from weather stations near the sites for the model input for
those winter periods. We first simulated the carbon and water fluxes by using

We implemented simple disturbance treatments for TMKthe original BIOME-BGC model with the original param-

and LSH as plantation and SKT as fire based on the definieters for deciduous needle leaf forest (DNF) shown in Ta-
tions presented by Thornton et al. (2002). For the plantatiorble 2 (White et al., 2000). Then, we calibrated the modified

Biogeosciences, 7, 95947, 2010 www.biogeosciences.net/7/959/2010/
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Fig. 6. Observed and modeled (white dots for the original model and black dots for the improved (ap&HE, (b) GPP,(c) RE, and(d)
ET at an annual time scale. Regression lines (dashed line for the original model and solid line for the improved model) are also shown.

model by using the AsiaFlux data observed at the six larchsimulated results with and without the stand disturbances.
forests, and evaluated how the AsiaFlux data could improve Next, the spatial distributions of the modeled carbon fluxes
the model performance for the larch forests in East Asia.were examined by using the annual climatology of each site.
Most of the default ecophysiological parameters for DNF The simulated annual values of carbon fluxes from the im-
are from those for evergreen needleleaf forest (White et al.proved model were compared with the annual climatology
2000) owing to limitation of data availability. We updated the of air temperature, precipitation, and radiation to clarify the
new general parameters for DNF in Table 2, referring the lit-important climatic variables for determining the spatial vari-
erature available data; all of parameters were common acrosations in the fluxes.

the six sites except for the two site-specific parameters. The Then, to understand the response of the carbon cycle to
model was parameterized according to the following crite-changes in the weather conditions, we conducted a sensitiv-
ria: (1) the parameters were at first changed at a minimunity analysis with biased meteorological data, by giving either
in order to reduce biases in the fluxes, such as the magniwarmer or cooler, wetter or drier, and sunnier or cloudier bi-
tude of day-to-day variations and unrealistic declines due taases for each season; winter (December to February), spring
suppression effects, by referring to the previous studies; angMarch to May), summer (June to August), and autumn
(2) the peak of GPP was adjusted by changing the alloca{September to November). The biases were determined as
tion ratio between new fine roots C to new leaf G4 |eaf)- 3o (o is the standard deviation) of the long-term natural cli-
Assuming that the allocation ratio between aboveground andnate variabilities (Table 3). The natural climate variabilities
belowground components strongly depends on the climatidor air temperature, precipitation, and VPD in TMK were es-
conditions (e.g., Friedlingstein et al., 1999; Chapin et al.,timated by using the weather station data observed by the
2002; Vogel et al., 2008), the parameter foed eat Was de-  Japan Meteorological Agency (JMA) from 1961 to 2000,
termined for each site. The canopy interception coefficient inwhereas those in LSH, SKT, YLF, NEL, and TUR were esti-
LSH was only changed to 0.005 LAY d~1 in order to repro-  mated from the observations from NCDC from 1981 to 2000.
duce the observed ET. In both the original and the improvedThe variabilities for radiation were derived from the Inter-
simulation, we applied the stand disturbance treatment in th@ational Satellite Cloud Climatology Project Radiation Flux
model initialization (as described in Sect. 3.3). To understandProfile data from 1984 to 2000 (ISCCP-FD; Zhang et al.,
the role of stand disturbance on the annual carbon budget, th2004) centered on the observed site.

observed annual carbon budgets were also compared to the
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4 Results and discussion Table 4. Root mean square error (RMSE) between observed and

o simulated carbon and water fluxes at a daily time scale.
4.1 Model validation

The original model generally underestimated carbon flux NEE GPP RE ET
variations at daily, monthly, and annual time scales (Figs. 3, 5 gCm?dt gCm?d' gCm?d! mmd!
and 6). Atthe daily time scale, the results were not consistent TMK  original 16 2.6 2.4 2.0
with the observed fluxes. They showed considerable scat- '(;‘:g:‘;‘;fd 21;‘ 213 1132 gf
ter and underestimated or overestimated the observed values improved 13 13 10 10
in each site (Fig. 3). The slopes between the observations SKT originald 0.9 11 0.5 0.8
. . improve 0.9 11 0.8 0.8

and the simulation results were 0._65 for NEE_, 0.73 for GPP, - original 15 32 19 10
0.60 for RE, and 0.70 for ET, which all deviated substan- improved 1.3 1.5 0.7 0.7
tially from 1.0, and those oR? were 0.53, 0.75, 0.72, and  NEL I‘?nf'glzsgd 11-‘1 11"; 11‘; 11-‘(‘3
0.25, respectively. The monthly variations of the_simulated TUR oriZinaI 0.9 20 16 0.9
and observed fluxes also showed that the amplitude of the improved 0.7 0.7 0.6 0.9
F ; F. ; ic_ average original 1.4 2.2 1.6 1.4

flux variation simulated by the original model was inconsis improved 15 s 0.0 13

tent with the observed results (Fig. 5). The peaks of GPP and
RE were generally underestimated for TMK, SKT, and YLF
and overestimated for NEL and TUR, although the seasonal-
ity, such as the onset and offset of the growing season, waBand, the improved model still only explained 41% of the
generally reproduced. The annual GPP, RE, and ET werariation in the observed NEE carbon budget (Fig. 6a); the
underestimated in TMK, but overestimated in other sites, re-Simulated results by the improved model had a tendency to
sulting in those slopes of regression lines that deviated frontinderestimate the observed carbon uptake.
1.0 (Fig. 6). The inclusion of the stand history was an important factor
Using the observed fluxes as calibration data, the improvedor improving annual NEE estimation (Fig. 7). If we run the
model successfully simulated the carbon and water fluxes afnodel without including stand history, the simulated NEE
daily, monthly, and annual time scales (Figs. 4, 5 and 6). Thevas substantially underestimated in both the original and im-
seasonality of the carbon fluxes was also substantially imProved models. The simulations run without including the
proved (Fig. 5). Although the observed peak of GPP andstand history could not reproduce the observed annual NEE
NEE in the TMK site in June could not be reproduced by (R? = 0.13), whereas those considering the stand history re-
the original model, the improved model successfully repro-produced 50% of the variation. The model performance for
duced the phase and amplitude of the carbon fluxes owingstimation of the annual NEE was improved by considering
to the incorporation of the seasonality of PLNR, which was the stand history; the annual sink was increased in the planted
consistent with the observed results at the leaf (Kim et al. sites of TMK and LSH and the fire-disturbed site of SKT by
2005) and canopy scales (Hirata et al., 2007). This improveconsidering the stand histories.
ment suggested that using a constant nitrogen ratio in the leaf Overall, the model was successfully improved by the cal-
could contribute to the uncertainty in the original BIOME- ibration with regional network of flux tower measurements.
BGC model. In the boreal sites of YLF, NEL, and TUR, The improved model reasonably reproduced the carbon and
since the snow sublimation was reduced due to the modificawater fluxes at the daily, monthly, and annual time scales, al-
tion, the water conserved during the winter was used in thehough the daily water flux still had uncertainties. We used
summer periods in the improved model and thus mitigatedthis improved model to evaluate the spatial distributions of
the water stress (Fig. 5d), resulting in the improvement in anthe fluxes and the sensitivity of the fluxes to the weather con-
seasonality of ET for YLF. Although the carbon fluxes were ditions.
substantially improved in the model, the simulated ET at the
daily time scale was not substantially improved, compared4.2 Spatial gradient of carbon cycle and climate
with the carbon fluxes. This discrepancy might be caused by
both the observation and simulation (shown in Sect. 4.4). The sensitivities of the simulated annual carbon and water
The improvements of the model reduced the root mearfluxes to the annual climate are shown in Fig. 8. Across the
square error (RMSE) at almost every site (Table 4), andsix sites, the simulated GPP and RE substantially increased
the slops became closer to 1.0 (Figs. 4 and 6). The rewith the annual air temperatur&®? = 0.84; p < 0.01 for
sults from the improved model simulation highly correlated GPP andk2 = 0.82; p < 0.01 for RE) as well as the annual
with the observed GPRRE = 0.99), RE (R?=0.98), and ET  precipitation {2 =0.86; p < 0.01 for GPP andk? = 0.85;
(R?=0.86), compared to the results from the original sim- p < 0.01 for RE), and there was no clear relationship be-
ulation (Fig. 6). The annual carbon budget simulated by thetween those fluxes and the amount of radiatiif £ 0.20;
model was also improved by the calibrations. On the otherp = 0.38 for GPP andr? = 0.16; p = 0.38 for RE). Since
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and NEE. Symbols are as in Table 1.

there was a strong correlation between annual air temperasbserved results (Fig. 6), these trends were also applicable to
ture and precipitation across the sites, we could not identifythe observed fluxes. Our results indicated that the air tem-
which of these processes was the more important controlperature and/or precipitation are potentially important con-
ling factor for explaining the spatial variation of those fluxes. trolling factors for explaining the spatial distribution of the
Since the simulated annual fluxes were consistent with thecarbon and water fluxes of larch forests.
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The simulated NEE was weakly correlated with the annualsult was reported by Vogel et al. (2008), who summarized the
climate (Fig. 8) in that the annual carbon sink increased withcarbon allocation in boreal black spruce forests across North
an increase of the annual mean air temperatife={ 0.55; America; soil temperature was positively correlated with the
p =0.09), precipitation 2 = 0.46; p = 0.14), and radiation aboveground NPP and negatively correlated with the below-
(R?=0.50; p =0.12). Based on the correlation coefficients ground NPP across those sites. The higher allocation to be-
between NEE and the climate variables, the annual mean alowground at northern sites is also consistent with the field
temperature was most strongly related to the spatial distrisurvey of root systems at TUR. Kajimoto et al. (2003) ob-
bution of NEE. Although both the GPP and RE had posi- served the greater rooting area of the larch trees compared
tive correlations with the climate variables, a greater GPP in-with the crown projected area, and concluded that the larch
duced a greater annual carbon sink, whereas a greater RE ditkes on permafrost soil competed for belowground resources
not reduce this sink. This result suggests that the spatial disrather than light. The simulated LAI was negatively corre-
tribution of NEE was generally determined by that of GPP lated with the Agot_|eaf (R?=0.83) (Fig. 9), suggesting that
rather than RE. Since the annual carbon budget was highly oot 1ear Strongly constrained the LAI in the model simula-
sensitive to the stand history (Fig. 7), the spatial distributiontion. The climatic condition apparently strongly controls the
of NEE was determined by both climate variables and standallocation strategy (Fig. 9a, b) and thus controls the carbon
disturbance history. fluxes (Fig. 8) through effects of allocation on LAI (Fig. 9c).

In the model calibration, we adjusted the seasonality of thelhe strong correlation betweendf_leat and the simulated
fluxes by changing the parameter for the allocation ratio ofLAl indicates that the satellite-derived LAl might be useful
carbon between aboveground and belowgroundofAeas). to infer the spatial distributions of iyt _jear and improve the
The estimated site-specificidb; ieat Showed a weak nega- simulation of regional carbon dynamics. This allocation pa-
tive correlation with the mean annual air temperatut@£ rameter might also be inferred from the climate data used
0.24; p =0.30) and total precipitationk2 = 0.24; p = 0.18) to drive the regional simulations. Such a dynamic alloca-
(Fig. 9). These trends became statistically signific®&%t=¢ tion scheme has been incorporated in some biosphere mod-
0.91; p = 0.02 for air temperatureR? = 0.77; p=0.05 for  €ls (e.g. Friedlingstein et al. 1999; Sitch et al., 2003) and
total precipitation) when the relationships were estimatedWill likely improve the performance of the future projections
without LSH (dashed lines in Fig. 9), since the carbon fluxesmade with the BIOME-BGC model.
of LSH might be affected by tree species other than larch due
to the limited footprint (H. Wang, personal communication, 4.3 Effect of seasonal climate anomalies on the carbon
2009). The negative trends indicate that the forests could al- cycle
locate more carbon aboveground under warmer and wetter
climate. The estimated trend ofif: |eaf Can be explained To understand the responses of carbon cycle to the weather
by the allocation strategy of plants that adjust resource aceonditions of air temperature, precipitation, VPD, and solar
quisition to maximize the capture of the most limiting re- radiation, we examined the sensitivity of the larch forests to
source (Chapin et al., 2002); light could be the most limiting changes in the seasonal weather patterns (Sects. 3—4). The
resource under a favorable climate, whereas soil water andesults of the sensitivity analysis are shown in Table 5. Spring
other belowground resources might limit net primary produc-warming enhanced the carbon sink (Table 5 case ta), but the
tivity (NPP) under a cold and dry environment. A similar re- summer and autumn warming tended to decrease the sink
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(Table 5 case tb). The spring warming enhanced GPP rathgHirata et al., 2007). Considering the sensitivity to VPD,
than RE except at SKT, where it resulted in the increase of thehe summer VPD could be an important factor that controls
annual carbon sink (Table 5 case ta). This was because the variations of the carbon budget, but the summer radiation
spring warming induced the earlier onset of leaf emergencenight become an important factor if the regulation by VPD
and enhanced photosynthetic activity, whereas RE was welis not strong.
regulated by the low soil temperature. On the other hand, The sensitivity studies identified the important weather
summer, autumn, or winter warming decreased the annuatonditions that control the annual carbon cycle in each site.
carbon sink, except in the autumn of NEL, because the warmin the temperate site of TMK, summer radiation was the most
ing stimulated RE more than GPP (Table 5 case tc, te and tgimportant control over the simulated annual carbon budget.
These results were consistent with the tower observations abn the other hand, summer VPD was most important in con-
TMK (Hirata et al., 2007), SKT (Li et al., 2005), and another trolling the simulated annual carbon budgets of boreal sites
Siberian site (Hollinger et al., 1998). Tree-ring data for the LSH, SKT, and YLF. Air temperature was also an important
Siberian larch also showed that these larch trees did not bercontrolling factor of the annual carbon budgets among all the
efit from mid-summer to autumn warming (Vaganov et al., larch forests; a warmer spring could enhance the carbon sink,
1999; Kirdyanov et al., 2003). These results suggest that thut a warmer summer and autumn could decrease the sink.
future carbon budget of larch forests depends on the changephis temperature sensitivity was the most important control-
in warming during the spring, summer, and autumn periods.ling factor of the simulated carbon budget for the TUR and
A change in precipitation substantially affected GPP andNEL sites. The sensitivity study also indicated that the small
RE in SKT (Table 5 case pc and pd) in that a wetter summerchanges in GPP and RE induced large shift in the annual car-
enhanced both GPP and RE by mitigating the water stress thon balance, and the balance could be quite sensitive to the
photosynthesis and decomposition. For other sites, a changseasonal weather anomalies.
in precipitation did not substantially influence GPP and RE,
but it greatly influenced NEE, especially for the boreal sites4.4 Further model improvements and potential
of YLF, NEL, and TUR. The high sensitivity of NEE occurs limitations
because NEE is a small difference between two large fluxes.
The forests of TMK and LSH did not respond strongly to the This study, which is a first attempt to validate a terrestrial
change in precipitation (Table 5 case pa—ph), a result whictbiosphere model at multiple larch forests sites in northern
was consistent with the observations (Hirata et al., 2007). Eurasia to East Asia, identified several biases in the default
The sensitivity of the annual carbon budget to the changenodel. Our analysis demonstrated that the calibration by the
in VPD was only obvious in the boreal summer (Table 5 AsiaFlux observations greatly improved the BIOME-BGC
case vc and vd). The higher VPD in the summer regulatednodel at daily, monthly, and annual time scales, and the im-
GPP and thus decreased the annual sinks of the LSH, SKTRroved model enabled us to perform more accurate sensitiv-
YLF, and TUR sites (Table 5 case vc). On the other hand, thdty studies. However, we should note the following limita-
lower VPD in the summer mitigated the regulation of photo- tions and potential improvements.
synthesis at SKT, resulting in the increase of the annual sink The field-estimated GPP and RE were derived from NEE
there (Table 5 case vd). This sensitivity to VPD was consis-measurements during nighttime period. Nighttime fluxes by
tent with the observed results for LSH (Wang et al., 2005b),the eddy covariance technique have been recognized to con-
SKT (Lietal., 2005), and TUR (Nakai et al., 2008) as well as tain some uncertainties (e.g., Gu et al., 2005; Papale et al.,
a comparative study between the TMK and LSH sites (Wang2006). In addition to the uncertainties from nighttime mea-
et al., 2005b). The reason for the low sensitivity to VPD at surement, it is difficult to accurately partition NEE into GPP
the TMK site is that the summer VPD is not high enough to and RE because there is no consensus on the partitioning
sufficiently reduce the stomatal conductance (Fig. 2). method (Reichstein et al., 2005; Richardson and Hollinger,
The GPP in the TMK site was the most sensitive to the2005). Although this study standardized the partitioning
change in solar radiation. An increase of approximately 12%methodology among the sites, further studies will be required
of the annual GPP resulted in an approximately 70% en-+o estimate GPP and RE from field observations.
hancement of the annual carbon sink, compared to the con- The simulated ET was still inconsistent with the observed
trol simulation (Table 5 case sc). The decline of summer ra-ET at a daily time scale (Fig. 4). This disagreement was
diation greatly decreased GPP and the magnitude of negativaainly caused by the intercepted evaporation term; the simu-
NEE, meaning a decrease in the annual sink at the TMK sitdated intercepted evaporation was substantially larger during
(Table 5 case sd). Among the boreal sites of LSH, SKT, YLF,the rainy days, compared to the observed ET. Considering
NEL, and TUR, the change in the radiation did not substan-that the eddy covariance method could not perfectly measure
tially affect the GPP regardless of the season, but the annuaT during and just after rainfall (e.g. Kosugi et al., 2007),
carbon sink (negative NEE) was positively correlated with we could not validate the simulated intercepted evaporation.
the change in summer radiation. This higher sensitivity toOhta et al. (2001) reported that the intercepted evaporation
radiation was also reported for the observed results at TMKwas about 15% of the precipitation at the YLF site, a result
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Table 5. The sensitivity of annual GPP, RE, and NEE to changes in weather patterns of air temperature, precipitation, VPD, and solar
radiation. The numbers in the table are the relative percentage as compared to the control experiment. The applied climate bias in eact
season was determined as 3 standard deviations of the natural variability (Table 3). The underscores in the table represent the values thz
show a high sensitivity for changing GPP and RE (more than 10%) and NEE (more than 20%) compared to the control experiment.

Exami- GPP (%) RE (%) NEE (%)
nation Case TMK LSH SKT YLF NEL TUR TMK LSH SKT YLF NEL TUR TMK LSH SKT VYLF NEL TUR
Normal 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100
Air spring + ta 113 109 110 106 109 119 109 108 112 105 102 115 142 136 99 111 224 158
temperature  spring — tb 87 91 99 96 95 92 91 93 98 97 112 91 53 59 105 89 -179 100
summer  + tc 98 102 _110 107 111 115 104 106 123 117 112 121 42 45 46 44 90 67
summer — td 100 98 80 87 87 82 95 94 80 84 90 81 144 146 77 105 37 91
autumn  + te 100 101 107 103 109 _ 110 103 105 110 110 108 119 73 56 91 59 128 -22
autumn  — tf 99 98 95 95 93 91 97 96 96 93 97 _ 88 123 126 90 104 35 119
winter + tg 98 100 100 99 102 101 100 102 105 104 104 106 81 6275 63 73 61
winter - th 102 100 100 101 98 100 100 98 97 96 96 96__ 125135 114 128 123 140

Precipitation  spring 100 107 103 108 100 100 100 104 107 104 100 99 99 1722 24 100
spring - pb 100 99 89 96 94 100 100 99 96 94 91 100 99 105 58 111 134 100

+
©
Q
=
o
o

summer  + pc 100 100 122 104 115 100 100 101 126 108 132 101 97 95 101 80 —-136 97
summer — pd 100 99 67 90 89 99 100 98 82 94 8 97 97 117 -9 63 140 126
autumn  + pe 100 100 103 100 107 100 100 101 103 100 11500 98 86 102 100 -5 100
autumn  — pf 100 100 97 100 92 100 99 99 97 100 89 100 109 118 95 100 140 101
winter + pg 100 100 100 101 104 100 100 100 100 102 107 100 101 100 101 94 @0
winter - ph 100 100 100 99 96 100 100 100 100 98 94 100 100 100 99 105 _ 12200
VPD sping + va 100 99 98 100 98 100 100 100 99 100 98 100 100 92 93 101 109 100
sping - vb 100 100 102 100 102 100 100 100 101 100 103 100 99 102 109 99 83 100
summer +  vc 99 92 83 8 92 98 99 98 93 97 101 99 104 -1 38 28 -30 90
summer — vd 100 102 122 110 112 101 100 101 118 111 120 101 97 114 145 105 3 101
autumn + ve 100 100 98 99 99 100 100 99 98 100 98 100 100 104 96 97 108 100
auumn -  vf 100 100 103 101 102 100 100 101 104 100 103 100 99 87 101 102 81 100
winter + vg 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100
winter -  vh 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100
Solar spring  + sa 101 100 100 100 100 100 100 100 100 100 100 100 104 103 99 100 102 100

Radiation spring — sb 99 100 100 100 100 100 99 100 100 100 100 100 93 97 101 100 98 100

summer  + sc _112 102 100 102 100 102 106 100 99 99 97 100___ 170124 100 118 136 118
summer — sd 86 98 101 97 100 98 93 100 101 101 1083 100 _ 2270 100 76 50 79
autumn  + se 103 101 100 100 100 100 101 100 100 100 100 100 117 111 101 102 108 103
autumn  — sf 97 99 100 100 100 99 99 100 100 100 101 100 83 88 99 98 89 95
winter + sg 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100
winter — sh 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100

which is consistent with the simulated intercepted evaporain the northern sites of SKT, YLF, NEL, and TUR. Although
tion value of about 18% of the precipitation. The parameterthe discrepancy in NEE might be exaggerated by small er-
for the canopy interception was needed to be site specific forors of the two large terms, the errors were partly caused
the LSH site, which was probably caused by the limited foot-by a lack of important processes in the model, such as the
print in this site (H. Wang, personal communication, 2009). water supply from the deeper layer that the larch trees use
Observed ET by the eddy covariance measurements also haghen the water supply in the upper soil layer is limited (Li
uncertainties due to the energy imbalance problem (Wilson egt al., 2006). Studies at YLF (Ohta et al., 2008) and NEL
al., 2002). The energy balance ratio at our study sites range(Machimura et al., 2007) showed a 1-year lag of the carbon
from 66% to 100% (Hirata et al., 2005; Liu et al., 2005; and water fluxes to precipitation probably due to the avail-
Wang et al., 2005; Nakai et al., 2008; Ohta et al., 2008), sug-ability of water stored in the permafrost. Consequently, fur-
gesting significant uncertainties in observed ET and potenther improvements of the model may be required to properly
tially in the field-estimated carbon fluxes. Consequently, fur-represent the response to water availability. Other factors that
ther investigation for both observation and modeling might might contribute to the discrepancy may be understory vege-
be required to reveal the cause of the inconsistency. tation and/or permafrost dynamics (Ueyama et al., 2009).

Although the simulated sensitivities to air temperature, The BIOME-BGC model considers only tree species in
VPD and radiation were consistent with the observed stud€cosystem, but larch stands generally consist of sparse
ies, the simulated response to precipitation still had large uncanopy, coexisting with other species. Our study sites also
certainties. At the sites of TMK and LSH, the amount of contain understory vegetation other than larch (shown in
precipitation did not substantially affect the modeled carbonSect. 2.1), which may influence carbon dynamics.
budget; which was consistent with observations. On the other Our simulation showed that the stand history was the most
hand, precipitation substantially affected the carbon budgetimportant factor for predicting the carbon budget (Fig. 7).

www.biogeosciences.net/7/959/2010/ Biogeosciences, 799592010
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Although the spatial distribution of NEE was also highly sen- mined new general parameters for larch forests. The use of
sitive to the climate variables (Fig. 8), the observed large carthese validated parameters will allow us to conduct regional-
bon sink of TMK and SKT could not be reproduced without scale simulations. The site-specific parameter of the allo-
the stand history. These results suggest that the availability ofation ratio of new fine root C to new leaf C was negatively
information on stand history could improve the carbon bud-correlated with the annual climatology of air temperature and
get simulation both at stand (the YLF, NEL, and TUR sites, precipitation; this strongly constrained the simulated LAI. In
where stand history was not available) and regional scales. the regional scale simulation, the allocation parameter will
Several model assimilation studies point out the problembe estimated from climate data or satellite derived LAI.
of model equifinality in that many different model parameter-  The model simulations showed that the spatial variations
izations are able to reproduce the observed data (e.g. Franks GPP and RE were correlated with the variations in the an-
etal.,, 1997; Schulz et al., 2001). To minimize the problemnual climatology of air temperature and/or precipitation. In
of the model equifinality, we (1) modified the submodels by addition to the climatic conditions, the stand history was an-
carefully checking the default model output with field ob- other important factor for explaining the spatial variations of
servations other than the carbon and water fluxes, (2) examNEE. These simulation results suggest that the spatial map of
ined the high sensitive parameters across the multiple sitethe disturbance history, such as plantation areas and fire, will
through the sensitivity analysis, and (3) updated the paramebe important for the projection of the regional scale carbon
ters mainly from the values available in the literature. In ad-budget. For the future projections of the carbon cycle, the
dition to validation of the current status of the fluxes, we alsoBIOME-BGC model will necessarily be coupled with a so-
validated the ecosystem sensitivity to the seasonal weathgghisticated disturbance algorithm at regional and continental
anomalies, and obtained a reasonable sensitivity comparegkcales.
with the observed studies in each site. Consequently, the pa- The sensitivity analysis showed that spring warming could
rameters are applicable to simulate the current status of larcBnnance the carbon sink, but summer and autumn warming
forests of the multiple sites. While the model is well vali- ¢ould decrease the carbon sink; this is consistent with the
dated in this study, further data acquisition will improve the ghserved results. In one temperate site, where water condi-
model parameterizations. tions did not regulate the carbon cycle, summer radiation was
In this study, we initialized the model with the short-term the most important factor that controlled the annual carbon
meteorology at the tower sites rather than the long-term mepydget. On the other hand, summer VPD strongly regulated
teorological records from the weather stations near the siteshe annual carbon sink in the boreal sites. Our analysis has
in order to avoid biases due to data discontinuities. AlthOUgha”owed us to understand sensitivity at seasonal to interan-
the meteorological years used in this study did not substannyal time scales, but it is not clear how long-term changes
tially deviate from the long-term average (Nakai et al., 2008;in climate affect the carbon and water cycles through various

Ohta et al., 2008; Hirata et al., 2007), this initialization might feedback processes. These projections should be examined
lead to some biases in the simulation. Since the hiStOficain ongoing and |0ng-term observations.

changes in the climate affect the carbon and water cycles tqugh comparison to observations, the model uncertain-
through various indirect feedbe.xcks, such as changes in thgeg have been addressed in this study, especially for boreal
pool size (Keyser et al., 2000; Ueyama et al., 2009), therggions. It is possible that the modeled response to the wa-
use of short-term meteorology might ignore these effects andg, congitions is inaccurate. In some boreal sites, the regu-
lead to simulations that were more indicative of the steady|,tion of stomatal conductance and heterotrophic respiration
state condition compared with the actual carbon and watepy the water deficit might be overestimated. These discrep-
cycles. The underestimation of the annual carbon sink by the,cies could be due to various causes, such as water storage
model simulation (Fig. 6) might also be caused by this ini- i, geeper soil layers, the effects of understory vegetation, and
tialization process. Since the simulation of sensitivity to the permafrost dynamics. Additional validation with available

seasonal weather conditions (Table 5) has been conducted fQf,amber and biometric measurements will help reduce the
a short-term change (interannual time scale), the response ¢f el uncertainties.

the carbon and water cycles to the long-term climate anoma-

lies (e.g. decadal or longer time scales) should be examined )
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