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Abstract. Terrestrial biosphere models show large differ- variations in the carbon cycle are mostly consistent among
ences when simulating carbon and water cycles, and reduanodels and observations. Spatial analysis also showed a
ing these differences is a priority for developing more accu-large reduction in the variability among model outputs. This
rate estimates of the condition of terrestrial ecosystems andtudy demonstrated that careful validation and calibration
future climate change. To reduce uncertainties and improvesf models with available eddy flux data reduced model-by-
the understanding of their carbon budgets, we investigateanodel differences. Yet, site history, analysis of model struc-
the utility of the eddy flux datasets to improve model simula- ture changes, and more objective procedure of model calibra-
tions and reduce variabilities among multi-model outputs oftion should be included in the further analysis.

terrestrial biosphere models in Japan. Using 9 terrestrial bio-
sphere models (Support Vector Machine — based regressions,

TOPS, CASA, VISIT, Biome-BGC, DAYCENT, SEIB, LPJ,

and TRIFFID), we conducted two simulations: (1) pointsim- 1 | troduction
ulations at four eddy flux sites in Japan and (2) spatial sim-

ulations for Japan with a default model (based on original he t trial biosph | . tant roles i ional
settings) and a modified model (based on model paramete-lj € terresinal blosphere piays important roles in regiona

tuning using eddy flux data). Generally, models using ge.2nd global carbon cycles, as well as in climate, through bio-

fault model settings showed large deviations in model Out__geochemif:al a_nd biophysical processes. Large_ uncertainties
puts from observation with large model-by-model variabil- " terrestrial biosphere models and the potential effects of

ity. However, after we calibrated the model parameters usin hese uncertainties on the projection of future global envi-

eddy flux data (GPP, RE and NEP), most models successfull onmental changes were pointed out through an intercom-

simulated seasonal variations in the carbon cycle, with Iesé Z”(Slgrri]ejril:]d)étgifncgtuglle(jzggé;)ogs(;};cslgrsn:nntd ;mz;&x:&
variability among models. We also found that interannual g " '

of terrestrial biosphere models are essential to improve esti-
mation of terrestrial carbon budgets and future projections
of environmental changes. Several Dynamic Global Veg-

Correspondence tdK. Ichii etation Models (DGVMs) have also been evaluated in an
BY (kazuhito.ichii@gmail.com) earth system model framework (Sitch et al., 2008), and large
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differences were found in the simulation results among the In this study, we assessed the extent to which differences
different models. between the models can be reduced by calibrating the models
To compare the performance of terrestrial biosphere modusing eddy flux data from Japan. First, we conducted base-
els for simulating carbon and/or water fluxes and evaluatdine simulations using default model settings without using
differences among model, terrestrial biosphere models haverior eddy flux observation information. These simulations
been compared for global (e.g., Cramer et al., 1999, 2001)were run on both a point-scale (four flux tower sites) and a
regional (e.g., VEMAP members, 1995; Jung et al., 2007),regional scale. Then, using the eddy flux data as model con-
and point scales (e.g., Potter et al., 2001; Gerten et al.straints, we modified the model parameterizations. Finally,
2008). These studies evaluated a number of terrestrial biobased on the modified models, we ran the models at point
sphere models, and the models’ outputs showed large variand regional scales and analyzed the inter-model variability
ability in their estimates of terrestrial carbon cycles. For ex-of the outputs. We report the extent to which model calibra-
ample, Cramer et al. (1999) found that the range of globaltion using the eddy flux data can reduce the uncertainties and
net primary productivity was 40—80 GtCyk (with an aver-  differences in the modeled carbon cycles for both point and
age of 5510 GtCyr1), and Cramer et al. (2001) showed regional scales.
that the future terrestrial carbon budget showed consider- Among the eight ultimate goals of the CarboEastAsia A3
able scatter. One of the case studies that successfully ré=oresight programhtp://www.carboeastasia.qrgur group
duced uncertainties in the estimation of carbon cycles wass ultimately aiming at one goal: to quantify the strength of
an intercomparison of atmospheric transport models and eszarbon sinks/sources and their spatial and temporal variabil-
timated atmosphere-ocean and atmosphere-land carbon city (dynamic) and uncertainty (prediction). As a first step,
cles (Transcom; Gurney et al., 2002). The detailed comparwe selected a test region in Japan where the flux network
ison with multi-model outputs successfully identified a reli- was dense and could be used as a case study. This region
able carbon budget, as well as constraints that are needed foras used to test the extent to which ground observations
more reliable estimations. can reduce uncertainties in carbon cycle estimations at a re-
However, most intercomparison studies of terrestrial bio-gional scale. By comparing terrestrial biosphere models, we
sphere models have not been performed systematically, angimed to identify the current potential problems in terrestrial
some models have been used without appropriate validatiorecosystem models to better estimate terrestrial carbon budget
Recently, multiple terrestrial biosphere models were usedn East Asia.
to analyze the interannual variability of terrestrial carbon
budgets for continental scale monitoring of terrestrial bio-
spheres (Reichstein et al., 2006; Vetter et al., 2007; Piao €2 Methods and data
al., 2009; Hashimoto et al., 2010). These biosphere mod-
els were used to identify key mechanisms behind the recen?2.1 Study area and eddy flux observation sites
global changes and the impacts of these changes on terres-
trial biospheres; however, large differences in each biospher®Ve focused our analysis on Japan (Fig. 1). More than 75% of
models still lack calibration with observations (In this paper, the land is covered by forests, mainly with mixed forests, de-
calibration is defined as “Adjustment of the parameters of aciduous broadleaf forests, and evergreen needleleaf forests.
mathematical or numerical model in order to optimize the Generally, the climate is characterized as warm-temperate
agreement between observed data and the model's prediend humid (southern half) and cool-temperate and humid
tion.” based on American Meteorological Society Glossary (northern half), and the topography is mountainous.
of meteorology,http://amsglossary.allenpress.com/glossary/ In this analysis, we used data from four eddy flux obser-
browse?s=m&p=4P These multi-model differences could vation sites for the point experiments. These sites included
potentially be reduced by using the observed data to calibratéhe Fujiyoshida forest meteorology research site (FJY), the
and validate the models and by analyzing the current status ofakayama deciduous broadleaf forest site (TKY), the Teshio
each model. As stated before, previous model intercompariCC-LaG experiment site (TSE), and the Tomakomai flux re-
son projects generally lacked detailed model calibration andsearch site (TMK). Details for each site are given in Table 1.
evaluation using observations, resulting in errors in the sim-The FJY site is located in Fujiyoshida City, which is on the
ulations. Owing to the recent increase in the availability of Kenmarubi lava flow on Mt. Fuji (327 N, 13846 E). The
relevant data (Baldocchi, 2008), model improvements havedominant species is the Japanese red gireus densiflory
been carried out using eddy flux data, and the impact on thend there are also mixed evergreen and deciduous broadleaf
model simulations was evaluated on a global scale (Friendrees, such as Japanese hollgX pedunculospand azalea
et al., 2007; Stokli et al., 2008), as well as on a regional(Rhododendron dilatatumThe climate is relatively cool for
scale (Ueyama et al., 2010). Since the differences amongs latitude, and snow depth reaches up to 0.5m in winter.
multi-models should be reduced by the constraints from theThe TKY site is located in a mountainous region in the cen-
observed data, potential differences should be evaluated aftéral part of the main island of Japan (88 N, 13725 E).
each model has been calibrated based on observations.  The site is about 15 km east of Takayama City. The forest is
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Table 1. Eddy flux observation sites used in this study.

FJY TKY TSE TMK
Site name Fujiyoshida forest Takayama Teshio CC-LaG Tomakomai flux
meteorology deciduous broadleaf  experiment site research site
research site forest site
Location 3527 N, 13846 E 36°08 N, 13725 E 4503 N, 14206 E 4244 N, 141°31E
Vegetation Class ENF DBF DBF DNF
Dominant Species Red Pine Birch Oak Larch
(Pinus densiflora (Betula ermanij (Quercus crispula (Larix kaempfeni
Oak Birch
(Quercus crispulp  (Betula ermani
Fir
(Abies sachalinensjs
Observation Period 2000-2004 2001-2003 2002 2001-2003
Elevation (m) 1030 1420 70 140
Age (year) 90 50 - 45
Mean annual temperaturg@) 10 7 5 6
Annual precipitation (mm) 2060 2030 970 1040
References Ohtani et al. (2005)  Saigusa et al. (2002) Takagi et al. (2005) Hirano et al. (2003)

Takagi et al. (2009) Hirata et al. (2007)

Abbreviations for vegetation classes: Evergreen Needleleaf Forest (ENF), Deciduous Broadleaf Forest (DBF), and Deciduous Needleleaf
Forest (DNF). Annual mean air temperature and precipitation were taken from Saigusa et al. (2008).

dominated by deciduous broadleaf tre€aiércus crispula 125E 130E 135E 140E 145E 150E
Betula ermanii and Betula platyphylla var. japonidaand ~ S0N o 3 50N
the forest floor is covered by an evergreen dwarf bamboo Shrub
(Sasa senanengis The site is snow-covered from the end BMIEBF  GRCR
of November to the beginning of April, and the maximum 45N .:?MEiF grtza';A
snow depth is from 1.0 to 2.0 m. The TSE site is located in ' ] ‘u oo
a conifer-broadleaf mixed forest within the Teshio Experi- '
mental Forest at Hokkaido University (38 N, 14206 E) 40N
and is located in northern Japan. In 2002, the maximum
snow depth was 1.16 m. The dominant species are decid-

=~ L 45N

uous broadleaf treeQercus crispulaBetula ermanij Be-
! X 35N 35N
tula platyphylla var. japonicaandAcer mondand evergreen
needleleaf treesAbies sachalinensiand Picea jezoens)s FJY)
and an evergreen dwarf bambd®aga senanengiforms a
30N

dense undergrowth on the forest floor. The TMK site is a 30N
planted larchl(arix kaempfer) forest in the Tomakomai Na- 1258 130E 135E 140 145E  150E
tional Forest, which is managed by the Hokkaido Regional

Office of the Forestry Agency (484'N, 141°31'E). The site g, 1. Land cover of the study area based on MODIS land cover
is 10 km east of a volcano, Mt. Tarumae, and it is approxi-data (MOD12Q1; Fried! et al., 2002) in year 2001 with the eddy
mately 15 km northwest of Tomakomai, Hokkaido, in north- flux observation sites used in this study. Xs show the locations of
ern Japan. The trees were about 45 years old at the time dhe eddy flux observation stations used in the study. Abbreviations
this study. The forest includes scattered deciduous broadleaff land cover classes: Evergreen Needleleaf Forest (ENF), Ever-
trees Betula ermanii Betula platyphyllaandUImus japon-  green Broadleaf Forest (EBF), Deciduous Needleleaf Forest (DNF),
ica) and sparsely distributed sprudeidea jezoens)s Deciduous Broadleaf Forest (DBF), Mixed Forest (MF), Grass-
land (GR), and Cropland (CR).

2.2 Terrestrial biosphere models

Terrestrial biosphere models are conventionally separated
into four categories: empirical models, diagnostic models,
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prognostic models, and dynamic vegetation models. Em=2.3.2 Satellite-based time variable data
pirical models use observations to construct the model with

regreSSion or other empirical algorithms. DiagnOStiC mOd'We used e|ght-day or Sixteen-day Composites of the Moder-
els use satellite-based time-variable observations such age Resolution Imaging Spectroradiometer (MODIS)-based
the vegetation index, Leaf Area Index (LAl) and Frac- | and Surface Temperature (LST) (Wan et al., 2002), the
tion of Photosynthetically Active Radiation absorbed by a\egetation Indices (VIs) (the Normalized Difference Veg-
canopy (FPAR), and climate data to capture accurate spatiadtation Index — NDVI — and the Enhanced Vegetation In-
and temporal patterns in the status of terrestrial ecosystemgiex — EVI) (Huete et al., 2002), and the Leaf Area In-
Prognostic models use only climate data as time-variable ingex (LAI)/Fraction of Photosynthetically Active Radiation
puts an_d are capable of yielding future projections. Dyna_lmlcabsorbed by a canopy (FPAR) (Myneni et al., 2002) from
vegetation models usually use only climate data as time001 to 2006. The original temporal resolutions of LST,
variable model inputs, and can simulate changes in spatial A|/FPAR, and VIs were 8-day, 8-day and 16-day, respec-
patterns in vegetation cover and vegetation types based ofiely. Therefore, we converted the temporal resolution to fit
competition among different plant functional types. each model’s temporal resolution.

In this study, we used 9 terrestrial biosphere models (Ta- .. point scale analysis, we used MODIS 1-km resolution

ble _2) covering all fou_r f:ategories described above. The r_nOd'subset data sets (collectiontitp://daac.ornl.gov/IMODI$/

els include one empirical model (Support Vector Machlne.— each of which consisted of 7-by-7 km regions centered on the
based regression (S\,/M) Yang et al., 2006, 2007)'_ two dl'flux towers (Cook, 2004). At each time step, we averaged the
agnostic terrestrial biosphere models (the Carnegie-Amesg;~55 observations by only using high-quality pixels (with
Stanford Ap_proach Mod_el — CASA; P_otj[er etal., 1993, andthe mandatory quality assurance — QA — flag being good in
the Terrestrial Observation and Prediction System — TOPSy, QA data) based on the method of Yang et al. (2007), and
Nemani et_al., 2003), three prognostic terrestrial biOSpher‘?nissing data were replaced by a 2001-to-2006 average calcu-
models (Biome-BGC; Thornton et al., 2002, DAYCENT, lated using high-quality pixels. For the spatial analysis, we

Parton et al., 1998, Vegetation Integrative Simulator for oo a104 4. km spatial resolution data using the original 1-km

Trace gases — VISIT, lto et al., 2007), and three dynamic,i, of MODIS LST, Vs, and LAI/FPAR (collection 4). All

global vegetation models (the Lund-Potsdam-Jena Model . i the data were filled using averaged 8-day data calcu-

LPJ; Sitch et al., 2003; Spatially-Explicit Individual-Base lated from 2001 to 2006 at each grid point if the QA flags
DGVM - SEIB; Sato et al., 2007; and Top-down Represen—Were not acceptable.

tation of Interactive Foliage and Flora Including Dynamics
— TRIFFID; Cox, 2001). The details of each model are de-

scribed in Appendix A. 2.3.3 Climate data

2.3 Data Each terrestrial biosphere model requires climate data as
_ inputs. Necessary climate data include temperature (daily
2.3.1 Flux tower observation data maximum temperature — Tmax, daily minimum tempera-

) ] _ ture — Tmin, daily average temperature — Tave), precip-
We used climate data from four eddy flux observation sitesji5tion (Prec), vapor pressure deficit (VPD), relative hu-

as the inputs for point-scale models, and we used the Carboﬁ]idity (RH), incoming solar radiation (Srad), and wind

fluxes data to validate the point-scale models. The four Site§peed (Wind). For point analysis, we used either observed
(FJY, TKY, TSE, and TMK) are described in Sect. 2.1. The .jimate data from each flux site (SVM, CASA, TOPS,

temporal coverage of the observation data was 2000-200&iome-BGC. DAYCENT. LPJ TRIFFID) or long-term cli-
for FJY, 2001-2003 for TKY, 2002 for TSE, and 2001-2003 mate reanalysis data (1948—2006) from NCEP/NCAR re-

for TMK. The methods of gap-filling and flux-partitioning  gnaiysis 1 (Kalnay et al., 1996) that was extracted at the
(i.e., infer Ecosystem Respiration — RE —and Gross Primanyqresponding pixel and corrected using site observations
Productivity — GPP — from Net Ecosystem Exchange — NEE)(V|S|-|- and SEIB-DGVM). Temporal averaging (e.g., daily,

were based on Hirata et al. (2008). Based on the suitable teny days, and monthly) was applied to fit the model time-step.
poral scales for each model, the observed climate data were . ! . .
For spatial analysis, we created climate dataset covering

converted into corresponding temporal averages. Monthly, . : : :
variations in the carbon fluxes (GPP, RE and NEP) were cal-1990 to 2006 at a 4-km spatial resolution using point ob

culated for model validation. Although the GPP and RE Wereservatlons from the Automated Meteorological Data Acqui-

derived from observed NEP, we describe them as observe 'ﬁg%jﬁ:‘iﬁ d(:theol?ﬁIS)mcelgﬁir:::\?src;?ttvc\alcr::kelrnatﬂ?sanr'e-
GPP and RE throughout the paper. y b P

cipitation, and wind speed. We estimated ddllye, Tmax
andTmin based on linear interpolation with elevation correc-
tion assuming lapse rate = 0.0065 Kt Daily precipita-

tion and wind data were generated using nearest neighbor

Biogeosciences, 7, 2062680 2010 www.biogeosciences.net/7/2061/2010/
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Table 2. Details for the terrestrial biosphere models used in this study.

2065

Category Model Time Climate Satellite  Veg Litter, N Photosynthesis Autotrophic Heterotrophic Model References
step input input Pool  Sail Dynamics Respiration Respiration output
Pool
Empirical SVM 8 day Rad LST None None None Empirical None None GPP Yang et al. (2006)
Model EVI Yang et al. (2007)
Diagnostic CASA Monthly T, P, NDVI, 3 9 None LUB3 model with  None Temperatutd3and soil GPP  Potter et al. (1993)
Model Rad LAI, empirical Tave (included in moisture dependence RE
FPAR*2 and Wsoil stress. ~ NPP NEP
(NPP is calculated) ~ calculatioit?)
TOPS Daily T,P, LAI, None None None LUES model with  None None GPP Nemani et al. (2003)
VPD, FPAR empiricall’ min, Nemani et al. (2009)
Rad VPD, and soil
water stress
Prognostic  Biome- Daily T, P, None 4 8 Included Farquhar modél  GR+MR Temperatur&!3 and soil  GPP Thornton et al. (2002)
Model BGC VPD, with Jarvis-type moisture dependence RE
Rad empirical stomatal NEP
conductance
model*>
DAYCENT  Daily T,P, None 5 5 Included dePury and GR+MR Temperatidfeand soil  GPP Parton et al. (1998)
Rad Farquar modéh moisture dependence NEP
with Collatz type RE
stomatal
conductance
model*?
VISIT Daily T,P, None 6 9 Included Monsi-Saeki GR+MR Temperatdfeand soil  GPP Ito (2008)
Rad, equatiot? with moisture dependence RE
VPD, modified version NEP
Wind of Leuning's
stomatal
conductance
model®
Dynamic LPJ Monthly T, P, None 3 3 None Combination of GR+MR Temperattﬂ'éand soil  GPP Sitch et al. (2003)
Model Rad? biochemical moisture dependence RE Gerten et al. (2004)
model*10 based NEP
on Farquhar
Modef*4 and
Ball-type
empirical stomatal
conductance
modef1t
SEIB- Daily T, P, None 4 3 None Monsi-Saeki GR+MR Temperaﬁ}?eand soil GPP Sato et al. (2007)
DGVM RH, equatioit® with moisture dependence RE
Rad, Ball type stomatal NEP
Wind conductance
model*11
TRIFFID Daily T,P, None 3 1 None Farquhar mod®l GR+MR Temperature@1) and GPP Cox et al. (2001)
RH, with Ball type soil moisture dependence RE
Rad, stomatal NEP
Wind conductance
modef!!

Climate input:T, P, RH, VPD, Rad, and Wind denote air temperature, precipitation, relative humidity, vapor pressure deficit, surface short-
wave radiation, and wind speed, respectively. Satellite input: LST, EVI, NDVI, LAI, and FPAR denote land surface temperature, enhanced
vegetation index, normalized difference vegetation index, leaf area index and fraction of photosynthetically active radiation absorbed by a
canopy, respectively. GR and MR denote growth and maintenance respiration, respectively.

*1 The original model uses cloud cover as climate data input instead of radiation. We modified the model to use radiation directly by re-
moving the radiation calculation routine from cloud cover. *2 The original model used NDVI to calculate FPAR and LAI. We modified the
model to use satellite-based LAI/FPAR directly. *3 LUE denotes light use efficiency. *4 Farquhar et al. (1980). *5 Jarvis (1976). *6 DePury
and Farquhar (1997). *7 Collatz et al. (1991). *8 Monsi and Saeki (1953). *9 Leuning (1995). *10 Haxeltine and Prentice (1996). *11 Ball
et al. (1987). *12 CASA model does not calculate GPP and Autotrophic respiration, separately, and it calculates NPP directly. *13 Lloyd
and Tayler (1994).

interpolation. Daily VPD, RH, and Srad were estimated set of soil data (Global Soil Wetness Project — GSWP —
based on the MTCLIM algorithm (Thornton et al., 1999). 2 Input datahttp://www.iges.org/gswp/input.htiIMODIS

Land Cover (MOD12Q1; Friedl et al., 2002), and the
Global 30 Arc-Second Elevation (GTOPO30) data from the
US Geological Survey. Site ancillary information (longitude

The models needed several ancillary data sets to complete tf!d latitude) was also included. Different models required
simulations. All necessary data were derived from the g|oba|d|fferent soil information, but all information (soil texture,

2.3.4 Static data

www.biogeosciences.net/7/2061/2010/ Biogeosciences, 7, 20802010
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rooting depth, field capacity, wilting point, saturation point, TSE site was excluded because its observation period was
and albedo) was taken from the GSWP-2 data. only 1 year.

3.2 Spatial model runs

3 Experiments Using both the original and modified models, we conducted
] spatial analysis for the grids with forest vegetation cover in
The study consisted of two steps for each model run and evaljapan (Fig. 1). All spatial information was used to run all
uation: point and spatial analysis. Point runs were conducteghe models. Spin-ups were conducted using whole 1990—
for the four flux sites in Japan, and spatial runs were con-2006 climate data with the GQconcentration fixed at the
ducted for the entire country. Each step included two modeljgg |evel, and we ran the model from 1990 to 2006 with a
runs: default and modified model runs. The default mOFj?|time-variant CQ concentration. Only the results from 2001
run was conducted as a benchmark test, and the modifiedgog were analyzed. As for the modified models, we used
model run was conducted to analyze the extent of modethe models that had been calibrated in the point simulation.
improvement when the eddy flux data were used as conTg evaluate the outputs from multiple models, basic statistics
straints. For RE and NEP simulations, SVM and TOPS wereyere calculated along with the annual average of GPP, RE,
excluded since these models do not simulate them (see alsghg NEP by taking the average from the 20012006 period,

Appendix Al and A2). and basic statistics (average and standard deviation) were cal-
culated. Then, interannual variability in GPP and NEP were
3.1 Point model runs analyzed by calculating the total for all of Japan. We did not

use DAYCENT for spatial analysis due to technical reasons
First, as a benchmark test, we ran all models using the defsee also Appendix A3).
fault model settings for each eddy flux site, using input me-
teorological and satellite data. Then we tuned all models to
fit the observed GPP, RE, and NEP data by adjusting thet Results and discussions
model parameters iteratively. We set the following guide- L .
line to modify the model: (1) All procedures for the model 4-1 Point simulations
parameter tunings and structure changes were done throug
hand-by-hand approach. Through the sensitivity analysis o
model parameters, several key model parameters were S®efault model simulations
lected and tuned to fit the observed carbon cycles. (2) If

model parameter tunings were not sufficient to reproduce obsjmylated monthly GPP, RE, and NEP data showed large de-
served carbon cycle, model structure changes were also afjiations from the observations, and there was large model-
lowed. (3) We tried to apply minimum changes to fit the ob- by-model variability for all sites (Fig. 2). For GPP, most
served carbon cycles. As a result, no models needed furthgqgodels underestimate its seasonal amplitude, and seven
algorithm changes, and model modifications were achieved(SVM, CASA, TOPS, VISIT, LPJ, SEIB, and TRIFFID) out
Details of model modifications are described in Appendix A f eight models clearly underestimated the GPP seasonal am-
and Table 3. The model initialization or spin-up processesplitude. One model (Biome-BGC) overestimated the sea-
are also described in Appendix A. sonal amplitude for FJY, three models (CASA, LPJ and
Using the results from default and modified models, we TRIFFID) underestimated the seasonal amplitude for TKY
first analyzed the modeled seasonality of GPP, RE, and NERnd TSE, and most models underestimated the seasonal am-
from all models, focusing on how well the models could plitude for TMK. The timing of the start of the growing sea-
simulate the observed carbon cycle seasonality and howon also deviated from the observed start times. Some mod-
much the model-to-model variability could be reduced by theels estimated a significantly earlier start of the growing sea-
model tuning process using eddy flux data as constraints. Fogon (Biome-BGC for FJY, TOPS for TKY and TMK, and
each model run, we obtained the average monthly variatiorDAYCENT for FJY), while others estimated later start of the
using the whole observation period for GPP, RE, and NEPgrowing season (DAYCENT for TKY and TMK). For RE,
and calculated its standard deviation among the models fogimilar to GPP, most models underestimated the seasonal RE
each month for both the original and modified models. amplitude. The seasonal NEP amplitude was also underesti-
Second, the interannual variations in GPP, RE, and NEPmated, especially at the TKY and TMK sites.
were analyzed for all models. To test how each model re- Ensembles of multiple models also underestimated the
produces the anomalies of interannual variability in the car-seasonal amplitude of GPP, RE, and NEP (except at the
bon cycle, we focused on the years 2001-2003 by taking afrJY site) with large model-to-model differences in the sim-
overlapping period and calculated the monthly anomalies byulated seasonal carbon cycle (yellow in Fig. 2). Comparison
subtracting the mean monthly variations for 2001-2003. Theof the observed and modeled (multi-model ensemble mean)

.1.1 Seasonal variations

Biogeosciences, 7, 2062680 2010 www.biogeosciences.net/7/2061/2010/



K. Ichii et al.: Multi-model analysis of terrestrial carbon cycles in Japan 2067

Table 3. Applied model parameter and structure modifications in this study.

Model Parameter modifications Structure modifications
SVM Tune the model using eddy flux observations in Japan -

CASA Maximum light use efficiency -

TOPS Maximum light use efficiency -

Maximum stomatal conductance
Minimum temperature multiplier for light use efficiency
Biome-BGC Maximum stomatal conductance -
Temperature limitation factor for stomatal conductance
Summation of growing degree temperature in phenology model
010 for maintenance respiration
Tree mortality rate
DAYCENT  Maximum LAl -
Maximum photosynthesis capability-related parameters
Stomatal conductance related parameters
Temperature regulation of GPP
Phenology related temperature parameters

VISIT Maximum photosynthesis rate -
Q10 for maintenance respiration

LPJ Quantum efficiency of photosynthesis -

SEIB Phenology related parameters -

Photosynthesis related parameters
Settlement related parameters
Maximum, minimum and optimal temperatures for photosynthesis
Maximum LAI
Specific leaf area
Rate of new establishment
Light use efficiency
Temperature regulation of the existence of two boreal PFTs.
TRIFFID Quantum efficiency of photosynthesis Snow sublimation
CIN ratio
Q10 for respiration
Effective soil depth for energy balance and soil temperature calculations

monthly variations in GPP, RE, and NEP clearly indicatedthe models were modified to reduce such biases (see the
that the ensembles from the 9 models underestimated the seAppendix A for details).

sonal amplitude (the slopes of the regression lines were less

than 1, namely, 0.64, 0.63, and 0.51 for GPP, RE, and NEPModified model simulations

respectively) (Fig. 3). These differences might be one of the

reasons that current terrestrial biosphere models are biasedll the models were modified by fitting to the magni-
and might be the cause of large differences among the modelide and patterns of the observed fluxes. Then we found
outputs. model improvement in terms of carbon cycle component

Commonly, the differences in GPP, RE and NEP betweerfOf Most sites (Fig. 4). Seasonal variations in GPP and
the model results and the observations can be explaineRE and the amplitudes of these variations were accurately
by two reasons. First, the underestimation of seasonafiMulated by most models for all sites. The reductions in
amplitude of GPP, RE, and NEP is probably the result of model-to-model d|fferences_ a_t the_FJY site were especially
inappropriate modeling of photosynthesis activities, which!arge, and the seasonal variations in GPP, RE and NEP were
results in underestimation of RE. Since NEP is a differenceCl0Se 0 the observations for TKY, TSE, and TMK. Only RE

of GPP and RE, these small biases may affect NEP. Secondt TKY showed a smallloverestimation by most models. As
the deviation of seasonal timing of the start of the growing @ "esult of changes in simulated GPP and RE, we found that
season can be explained by empirical (e.g. the use othe seasonal NEP amplitude was also much more accurately
temperature summation to determine the threshold for theimulated in the modified model, especially at the TKY and

start of the growing season) and inaccurate phenolgy model§MK sites. Only SEIB-DGVM showed deviations from the
included in terrestrial biosphere models. Accordingly, all OPservations, which were probably caused by the difficulty
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Fig. 2. Seasonal variations in GPP, RE, and NEP at four eddy flux sites from nine models (colored lines) and from observations (gray circle).
Default models were used for the simulation. The model average (black bold) and the avestagelard deviations for the models (yellow)
are also shown.

of representing forest dynamics stably. Large disturbancesnodeled GPP values were reduced by 57, 19, 3, and 10%
(e.g., death of big trees) might affect carbon dynamicsfor FJY, TKY, TSE and TMK, respectively. On the other
greatly and result in large gaps between the modeled antiand, the standard deviation of RE (except for FJY) and NEP
observation values. (except for TKY) were not largely changed by the model
After the tuning, the multi-model ensemble mean of modifications (Fig. 5). The difficulties with the modeled RE
monthly GPP, RE, and NEP values across four sites was alsand NEP calibration are potentially the result of several is-
closer to the observations (Fig. 3). We obtained a correlatiorsues. First, small biases in GPP and RE greatly affect NEP;
between the modeled and observed carbon cycle componentserefore, it is difficult to improve NEP in the model. Sec-
that was closer to 1:1. For example, the slopes of the regresand, inclusion of site history is needed to simulate RE and
sion lines became closer to 1, changing from 6:@188 for NEP accurately (Friend et al., 2007). Since these forests are
GPP, 0.63>0.80 for RE, and 0.53-0.75 for NEP. Ther? not predominantly natural forests, forest regrowth can be one
values were also higher than those from the default simulaof the important mechanisms for current carbon budgeting.
tions. Third, observations sometimes contains biases in the closure
Model-to-model differences, as measured by the stanof the energy balance, and gap-filling and flux partitioning
dard deviations of multi-model outputs, were also greatlytechnique (Massman and Lee, 2002; Foken, 2008).
reduced by the model modification process for GPP simu-
lation (Fig. 5). For example, the standard deviations of the
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Fig. 3. Observed and modeled (x: default model, and o: modified mddpGPP,(b) RE, and(c) NEP for all four sites in this study. Linear
regression lines with equations aRd values are also shown (upper: default model; lower: modified model). Monthly averages of all models
over the whole observation period from the four sites are shown.

4.1.2 Interannual variations detailed model assessment. For example, the year-to-year
anomalies in GPP were much higher in the TOPS model

Interannual variations in terrestrial carbon cycle processesimulation, especially for TKY, and some diverse responses

(GPP and NEP) were generally well reproduced by the modin GPP and NEP were found using the DAYCENT model

els (Fig. 6). Hirata et al. (2007), Saigusa et al. (2008), andsimulation for the spring of 2001 and 2002 for TMK. Other

Saigusa et al. (2010) identified anomalous carbon budgetgeviations from the observations and from other models were

for the spring of 2002 and the summer of 2003 through thefound for FJY and TKY with the SEIB simulation. These

analysis of climate data and eddy-covariance measurementieviations were primarily caused by the model responses to

for 2001-2003. For GPP, the general characteristics of theinomalies in input parameters such as climate data and satel-

anomalous pattern in 2002 and 2003 were well reproducedite data, and these facts need to be analyzed in detail to fur-

for all sites. In the spring of 2002, positive GPP anomaliesther constrain the terrestrial biosphere models.

caused by warmer temperatures (Saigusa et al., 2008) at TKY

and TMK were captured by most models. In the summer of4.2 Spatial simulations

2003, negative GPP anomalies for FJY and TKY and a posi-

tive anomaly for TMK that were caused by radiation anoma-4.2.1 Annual summary

lies (Saigusa et al., 2008, 2010) were well-captured by the

models. NEP anomalies were also generally reproduced byh the default model simulations, we found large differences

the model. Especially for the TMK site, both GPP and NEP in the annual average GPP from 2001 to 2006 among the

anomalies for the whole period were well reproduced by themodels (Fig. 7). The differences were primarily produced

models ®?=0.74 for GPP and 0.81 for NEP). by the site-level differences in the model. For example, un-
Some models showed deviations from observations andlerestimation of the GPP seasonal amplitude by CASA and

from other model outputs, indicating the need for a moreTRIFFID on the point scale greatly affected the magnitude
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Fig. 4. Same as Fig. 2 but for modified models.

of GPP on the regional scale; CASA and TRIFFID esti- changed, which is probably the result of a compensating ef-
mated much lower GPP values than did BIOME-BGC andfect by taking differences in GPP and RE.

VISIT (e.g., about 1200gCnfyr-1 by CASA and TRIF-

FID and 2000gC m2yr—1 by BIOME-BGC and VISIT), 4.2.2 Interannual variability

which resulted in large standard deviations among the mod-_ ) ) o
els (500-600 gC mPyr—1). Simulations of the interannual variability also showed year-

The spatial patterns in GPP based on the modified mod;o—yearvarlablhtymthe model outputs (Fig. 9). For example,

Lo . . during the 2003 summer, we experienced a strong reduction
els were similar in magnitude among the models, reducmqn solar radiation with heavy rain in 2003 in Japan (Saigusa

Lhuealmggg_tr?{omsf ?ﬁéiﬁ:g;ﬁiggejbg?'232)'0 ggy;:ﬁle an_et al., 2010). For that time, the model simulated large re-

for most of Japan, and the standard deviation among thguc.tlons in GPP for most of the study region. Dgrmg the

models was significantly reduced (300 gCyr—1) spring of 2002, warmer temperatures led to a significant en-
) crancement in GPP in most ecosystems, causing significant

b ';T nual ctjotlal S??.St'(lis n J_?pt?ln \‘llverg ?LS? ?rlegle)ypchadng% ncreases in NEP. These anomalous patterns were success-
y the model modifications (Table 4). Both total an fully simulated in most of the terrestrial biosphere models

were increased by the model modifications, and their stan-

dard deviations among the different models were reduced b)zsed in this study. In addition, standard deviations of GPP
about half (e.q., 106-58 for GPP, and 11% 70 for RE: Ta- mong the models were also reduced by the process of model

- : o modifications on the point scale.
ble 4). Standard deviations in NEP were not significantly P
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respectively. To reduce differences in the NEP simulation,
the site history should be included in further studies. Many
biosphere modeling studies have pointed out that site his-
tory can account for most proportions of the current carbon
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Fig. 9. Interannual variations ife) GPP andc) NEP based on the default models gbjiGPP andd) NEP based on the modified models
over forests in Japan. Eight (GPP) and six models (NEP) were used to calculate seasonality and averages. Yellow shows the range of th
standard deviations among the models.

uptake. Therefore, including the site history could poten-5.2 Potential limitations and implications on the
tially improve the net ecosystem exchange. understanding of the terrestrial carbon budget
A multi-model ensemble simulation of the terrestrial car-
bon cycle is effective in estimating seasonal and interannual ) i o ) )
variability. With the default model settings, we found large >€eral potential problems are listed in this section. First,
variations in the seasonal carbon cycle; however, an averagd this study, we have one or two observations in each land
of all models reasonably estimated terrestrial carbon cyclesCOVer class. Itis ideal that we use multiple sites to calibrate
though with some underestimations. The modified modeld!® Model within the same plant function types, train the
simulated seasonal and interannual variations in the carboH]Odel against one site, and evaluate the parameter against

cycle, with smaller standard deviations compared to the de_other sites. Second, the model calibration conducted in this
fault r’nodel settings study can constrain short-term (daily-seasonaly-yearly time

This model intercomparison analysis has several impIica-scales) processes, but cannot constrain long-term processes

tions for the ground observations. In the process of makingSUCh as forest dieback and vegetation transition. Model cal-

modifications to the models, we commonly adjusted the max_!bration using longer-term observation should be conducted

imum photosynthesis activity, th@1o value of respiration, in the future. Third, carbon cycles of the ecosystems in this

the stomatal conductance, and phenology-related paramete%Udy show sensitivities to temperature and radiation, but not

for most models. The fact that these parameter tunings wer_EO water availability. Model sensitivity to water availabil-

required suggests the necessity of further constraints fronji€S 1S one of the unknown facts for ecosystem modeling
observations. For further model improvements, the accuraté'\/l?jralleS et al., 2005). Four:]h, more objective methods Ofd
estimation of highly-sensitive site-specific parameters and"0Y€ pqra_met_er tunlr!g such as to set a C(_)st-functlon an
their spatial distributions should be achieved. Then, mech2PPly optimization routine should be applied in further stud-

anisms and universal relationships should be inferred. ies. In this study, parameter tuning is done by iteration,
and part of model differences may be reduced by applying

these methods. Fifth, we mostly focused on model parame-
ter tuning in this study. To reduce model uncertainties more

www.biogeosciences.net/7/2061/2010/ Biogeosciences, 7, 20802010
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comprehensively, we also need to analyze the uncertaintiedsia regions, can potentially characterize the similarities or

in model structure and algorithm. differences between the Asian terrestrial ecosystem and other
Most terrestrial biosphere models used in this study wereregions, such as North America and Europe. The Asian mon-

developed outside of Asia, and we found that direct applica-soon region includes potentially unique terrestrial ecosys-

tion of these models may cause problems in the simulatiortems, such as larch forest over the northern region, temperate

of carbon cycles. This is partially due to the unique ranges inand humid forest over East Asia, and paddy fields over east

annual climate covered by the AsiaFlux network and causedind southeast Asia, that should be analyzed in future stud-

by the Asian monsoon climate. The eddy flux data showies by refining the model using observations. The future re-

that AsiaFlux sites cover a wider range of ecosystems, essponses of these ecosystems to climate change should also

pecially in terms of annual precipitation, than those reportedbe analyzed.

in other FLUXNET observation networks such as AmeriFlux

and CarboEurope (precipitation in most observation sites of )

AmeriFlux and CarboEurope is less than 2000 mmiyr Appendix A

Therefore, the humid temperate climate in Asia and Japan re- i o

quires further model parameter calibration and model strucOVerview of the terrestrial biosphere models and

ture and algorithm changes to accurately simulate the obtheir modification

served carbon cycle. We used 9 terrestrial biosphere models from four differ-

F'T(t) ;hmpr(.)tveh.tfle mo: eI‘T’C’i ;V € n?eg go_ addrisstr:wo t't%ms'ent categories including empirical, diagnostic, prognostic,
First, the site history snould be included in any Turther Studies, , 4 dynamic models. Below are brief descriptions of each
in order to improve the NEP simulation as described above

) . . ecosystem models in each category and the modifications we
Second, to estimate the nationwide carbon budget for ‘]apa%ade to the models

we need further observations of cropland, grassland, and ev-
ergreen broadleaf ecosystems. Al Empirical model

_ Al.1 Support Vector Machine-based regression
6 Conclusions (Yang et al., 2006, 2007)

We demonstrated that eddy flux data are useful in constrainSupport Vector Machine-based regression (SVM) is an em-
ing the terrestrial biosphere models and in helping to reducepirical model based on the regression-type support vector
model-to-model variability and difference at both point and machine driven by inputs of satellite-based surface radia-
regional scales through the comparison of 9 models. Aftertion (Rad), land surface temperature (LST), and enhanced
the model parameter tuning, the model-by-model differencesegetation index (EVI) (Yang et al., 2006, 2007). Sup-
in GPP and RE were greatly reduced. For NEP, althougtport Vector Machine regression is a machine learning tech-
the ensemble of modified model was improved, model-by-nique that transforms nonlinear regressions into linear regres-
model differences did not show large reduction. We dis-sions by mapping the original low-dimensional input space
cussed the limitations and implications of this study to con-to a higher-dimensional feature space using kernel functions
strain the simulation of terrestrial carbon cycle. In particular, (e.g., Cristianini and Shawe-Taylor, 2000). The method was
we need to include site history for improvement of simulatedassessed for more than 20 Ameriflux sites over the conti-
NEP and to assess model algorithm uncertainties. The unaental United States to estimate spatial distributions both in
certainties in model algorithm will be fully explored in the evapotranspiration (Yang et al., 2006; Ichii et al., 2009) and
future through more rigorous investigations by adding otherin gross primary productivity (Yang et al., 2007). The model
constraints to the model, such as biomass and soil carbon archlculates GPP only as carbon cycle component. The model
LAI, as well as some water cycle estimations. For example,output has also been used for inverse estimation of key bio-
Ito et al. (2010) investigated the differences in modeled soilsphere model parameters, such as maximum light use effi-
respiration using five models out of nine used in this study,ciency (Yang et al., 2007) and the rooting depth (Ichii et al.,
and identified a large discrepancy of contribution of roots to2009), and for the analysis of climate and terrestrial carbon
total soil respiration among models. cycles in Asia (Saigusa et al., 2010).

This study, a case study in Japan, is the first step in re- As an original model, we used the model tuned for the
ducing the differences and uncertainties among the terresAmeriFlux observation sites, which were substantially sim-
trial biosphere models. Therefore, it will be extended intoilar to those studied by Yang et al. (2007). In the modified
the whole Asian monsoon region in the next step as a submodel run, we tuned the model using the eddy flux data and
project of the A3 CarboEastAsia Program after solving thesatellite-based observations at four sites: FJY, TKY, TMK,
potential limitations mentioned above. The use of system-and TSE. The original model significantly underestimated
atically gap-filled and flux-partitioned data over Asia, cover- the seasonal amplitude of GPP, but the use of flux observa-
ing Siberia, Mongolia, China, Korea, Japan, and southeastertion data from Japan improved the model.
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A2 Diagnostic models We used evergreen needleleaf forest parameters for FJY,
deciduous broadleaf forest parameters for TKY and TSE
A2.1 CASA (Potter et al., 1993) (same parameter set for the two sites), deciduous needle-

) ) ) L . leaf forest parameters for TMK for the point simulations,
CASA is a diagnostic terrestrial biosphere model driven by 54 e used deciduous broadleaf forest parameters for mixed
climate- and satellite-based data on monthly time-scale (POtgyest in the spatial simulations. In the model modifica-
ter et al,, 1993). NPP is calculated as the product of maxiion process, we changed the maximum light use efficiency
mum Light Use Efficiencydmay), Photosynthetically Active g the maximum stomatal conductance by comparing the
Radiation (PAR), FPAR (Fraction of PAR absorbed by veg-jyes observed in GPP and ET seasonality. Since the def-
etation), and climate-driven regulation factors that are func-nition of maximum light use efficiency is different from
tions of air temperature and soil water content. We changegagp (GPP and NPP per light in TOPS and CASA, re-

the model input from NDVI for the original model to the gpactively), we adjusted the maximum light use efficiency of
satellite-based LAl and FPAR for the modified model, be- TOPS for all ecosystems (e.g., 1.02.8 for ENF, 1.56>1.8
cause the satellite-based LAI/FPAR data were available. Wg,, pBE and 1.56>2.1 for DNI,:). In addition tc; better sim-

assumed that GPP isPP in the analysis. The CASA | 5te the seasonal timing of the growing season, we adjusted
model is widely used for terrestrial carbon and water cycleha minimum temperature multiplier for the light use effi-

monitoring from point to global scales (Potter et al., 1993, ciency (-8.0->0.0°C and 0.6>8.0°C for the daily mini-

2001; Hashimoto et al., 2010). mum temperature at 100% and 0% inhibition of GPP, re-

We used needieleaf evergreen tree parameters for FJghacively). These modifications affected seasonal carbon
broadleaf deciduous tree parameters for TKY and TSE (SamEycle variations. Model spinup was conducted by running

parameter set for the two sites), and high lat deciduous treg o model once using whole climate input since only water

parameters for TMK in point simulations. The broadleaf de- cycle is needed to be initialized.

ciduous tree parameters were used for mixed forest pixels in

spatial simulations. In the model modification process, wep3 Prognostic models

increasedmax because the simulated GPP seasonality is sig-

nificantly underestimated. In the original modehax was A3.1 Biome-BGC (Thornton et al., 2002)

biome-independent, and we adjusted the parameter in each

vegetation type. The range ohax was confirmed by stud-  gjome-BGC is a prognostic biogeochemical model driven by

ies in the literature (e.g., Ruimy et al., 1994). Without fur- g5y climate data for the prescribed land cover. Biome-BGC

ther modifications, the model reproduced observed carbopses the Farquhar biochemical photosynthesis model (Far-

cycle seasonality. Model spinup was conducted by runningy har et al., 1980) to calculate GPP, and it then estimates

the model for about 3000 years using whole climate inputNpp as the remainder of GPP subtracted from autotrophic

repeatedly. respiration, which is a function of temperature and biomass.
. Stomatal conductance in Biome-BGC is modeled using a

A2.2 TOPS (Nemani et al., 2003) Jarvis-type model (Jarvis, 1976) as the product of the prede-

fined maximum stomatal conductance and climate regulation

ulates the terrestrial water and carbon cycle processes ug"f‘Ct‘?rS (shortwave radiation, air.tgmperature, soil water po-
ing daily climate and satellite (FPAR/LAI) data (Nemani et tential, anq Vappr Pr_eSS““? Deficit — VPD). The model has
al., 2003; White and Nemani, 2004). Simulations of hydro- been applied widely in regional to global carbon and water

; ; le studies (e.g., Thornton et al., 2002; Reichstein et al.,
logic states and fluxes were based largely on the Biome-BGEYC ] i ) .
model (Thornton et al., 2002) with the use of the remotely2006' Jung et al., 2007; Vetter et al., 2007; Hashimoto et al.,

sensed LAIl. Calculation of GPP was based on a produc—zom)' As a default ecophysiological modglogg)rameter set,

tion efficiency model (PEM) approach with an environmental we used literature based one (White etal.,
stress scalar set as the minimum limits for Tmin, VPD, and Ve used evergreen needieleaf forest parameters for FJY,

soil water potential. The snow model was updated using gi€ciduous broadieaf forest parameters for TKY and TSE
physically based energy balance model (Ichii et al., 2008).(52me parameter set for the two sites), and deciduous needle-
The model calculates GPP only as carbon cycle component€af forest parameters for TMK in point simulations, and we
The TOPS model is widely used for terrestrial biosphere staSed deciduous broadleaf forest parameters for mixed forest
tus monitoring in North America (e.g., White and Nemani, ' spatial S|mulat|ons.. In the model modification process, we
2004; Nemani et al., 2009; Ichii et al., 2009). As a de- first reduced the maximum stomatal conductance to improve
fault model parameter, we used literature-based parametefYapotranspiration seasonality. Second, we adjusted the tem-
(White et al., 2000) with updated maximum light use effi- Perature limitation factor for the stomatal conductance and

ciencies inversely calculated from satellite-based GPP, and §djusted the phenology model parameter (the growing de-
light use efficiency model (Yang et al., 2007). gree temperature) to fit the timing of observed seasonal tim-

ing of GPP increase and decrease. Third, we adjusted the

TOPS is a diagnostic terrestrial biosphere model that sim
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Q19 factor of maintenance respiration to fit the observed RECH,4, and NO) in atmosphere-ecosystem biogeochemical
seasonality, which was nearly equal to zero during the winterinteractions. The model simulates terrestrial energy, water,
We also adjusted the mortality rate for vegetation due to thecarbon, and nitrogen cycles for the atmosphere-ecosystem
anomalous high biomass in the default model. Model spinupbiogeochemical interactions at a daily time step. The car-
was conducted by running the model using whole climate in-bon cycle model is based on Sim-CYCLE (Ito and Oikawa,

put repeatedly until soil carbon reached equilibrium. 2002), including separation of the understory and overstory’s
canopy and the improved respiration model (Ito et al., 2007).
A3.2 DAYCENT (Parton et al., 1998) Different biomes are characterized by different physiological

parameters defining rates of photosynthesis and respiration,
The DAYCENT model is the daily version of the CENTURY allocation and allometry, leaf phenology, and mortality (for
ecosystem model that was designed to simulate carbon, niypical parameter values; see Ito, 2008). The model and its
trogen, and phosphorus cycling and the plant production ofprevious version (i.e. Sim-CYCLE) have also been widely
ecosystems at a monthly time step (Parton et al., 1996)used for point, regional, and global scales (Ito and Sasai,
DAYCENT additionally incorporates more detailed submod- 2006; Ito et al., 2007; Ito, 2008).
els for simulating soil moisture, soil temperature, soil nitro- |n point model run, parameters for evergreen needleleaf
gen, trace gas flux, and soil organic matter on a daily timeforests and deciduous needleleaf forests were used for the
step, while plant growth is updated weekly (Parton et al.,FJY and TMK sites, respectively. For the TKY and TSE
1998; Del Grosso et al., 2001). DAYCENT has been pre-sites, parameters for deciduous broadleaf forest were used
viously used to simulate long-term responses of grasslangeach site has different parameter settings). The model was
production and soil carbon and nitrogen to land use changemainly tuned by adjusting physiological parameters, such as
climate change, and elevated g£@vels (e.g. Del Grosso the maximum photosynthetic rate and the respiratory tem-
et al., 2001). DAYCENT has also been included in someperature dependenc@f{p), such that the agreement with ob-
model comparison studies (e.g. Gerten et al., 2008). In thiservational GPP, RE, and NEE was improved in an empiri-
study, a modified DAYCENT (Hajima, 2008) was used in cal manner. In spatial model run, parameters for deciduous
which the sub-models of photosynthesis and evapotranspirasroadieaf forest calibrated at TKY site were used for mixed
tion processes were replaced by models described in a morerest. Model spinup was conducted by running the model
detailed physical and physiological manner (Table 2). for about 1000 years using whole climate input repeatedly.

In the default run, we used temperate evergreen needle-

leaf parameters for FJY, temperate summergreen broadleaf4 Dynamic vegetation models
forest parameters for TKY and TSE (same parameter set for
the two sites), and boreal summergreen needleleaf forest pat4.1 LPJ (Sitch et al., 2003)
rameters for TMK in point simulations. For the model cali-
bration for modified model run, first, we adjusted maximum LPJ includes a dynamic biogeography sub-model, which de-
LAl and maximum photosynthesis capability related param-termines the land cover implicitly from climate data, in ad-
eter, and stomatal conductance related parameter to reprghtion to carbon and water cycle processes. The dynamic
duce seasonal maximums of ET and GPP, if these were nggubmodel simulates area-based competition for light and wa-
accurately simulated. Second, to improve seasonal variatioter availability among 11 plant functional types. This model
of GPP, we adjusted temperature regulation of GPP. For dehas been widely used for various temporal and spatial scale
ciduous forests, we also adjusted phenology related temperodels (e.g., Sitch et al., 2003, 2008; Reichstein et al., 2006;
ature parameters. As a result of model modification, physio-Vetter et al., 2007; Piao et al., 2009; Hashimoto et al., 2010).
logical parameters, such as the ratio of photosynthetic capac- We used temperate evergreen needleleaf parameters for
ity to leaf nitrogen, the parameter for stomatal conductanceFJY, temperate summergreen broadleaf forest parameters
and the parameter for temperature dependency in photosyrier TKY and TSE (same parameter set for the two sites),
thetic process, were adjusted. The phenological thresholénd temperate summergreen needleleaf forest parameters for
and the maximum LAI value were also calibrated for eachTMK in point simulations (i.e., the dynamic vegetation mode
site. Model spinup was conducted by running the modelwas off). In a spatial model run, the dynamic vegetation
for about 2000 years using whole climate input repeatedlymodule was coupled. In the model modification process, we
and model run was executed considering site history (aboveehanged the quantum efficiency (the intrinsic quantum effi-
ground biomass was removed in the year corresponding teiency of CQ uptake in C3 plants) for photosynthesis to fit

forest age). observed GPP seasonality. The parameter is one of the most
important parameters to control carbon cycle in LPJ model
A3.3 VISIT (Ito et al., 2007) (Zaehle et al., 2005). This modification significantly affected

seasonal maximum GPP. Since GPP also affected the vegeta-
The VISIT model is a prognostic terrestrial biosphere modeltion biomass, RE seasonality was also reasonably simulated
that simulates the budgets of major greenhouse gases (COby the model. Model spinup was conducted by running the
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model for about 1000 years using whole climate input repeatmodel is coupled with a land surface model (MOSES-2) (Es-

edly. sery and Clark, 2003) that calculates short time scale phe-
nomena such as evapotranspiration and photosynthesis. The
A4.2 SEIB-DGVM (Sato et al., 2007) dynamic vegetation submodel (changes in the area of the

plant functional types) is based on the Lotka-Volterra equa-

SEIB-DGVM is an individual-based dynamic global veg- tion. The TRIFFID model has been used to project global en-
etation model that simulates alteration of vegetation typessironmental changes coupled with General Circulation Mod-
and the processes that cause such change, namely estadls (GCMs) (Cox et al., 2000; Matthews et al., 2005) and to
lishment, competition, and mortality, in addition to simu- compare terrestrial models at the continental (e.g. Piao et al.,
lating terrestrial carbon and water cycles. The model con2009) and global scales (Cramer et al., 2001; Sitch et al.,
siders several sample forests or grasslands covering a sma&bD08). We used the version included in the University of
area (30 nx30m) placed at each grid box, and it calculates Victoria Earth System Climate Models (UVic-ESCM) ver-
growth and decay of individual trees by explicitly calcu- sion 2.8 (Cox et al., 2001; Matthews et al., 2005).
lating tree height crown diameter, crown depth, and light We fixed the vegetation type in the point simulations (i.e.,
availability for each tree. By doing so, we expect that the the dynamic vegetation model was off) and used needleleaf
speed of alteration of one vegetation type relative to anotheforest parameters for FJY and TMK (same parameter set for
will be represented reasonably without introducing any addi-the two sites) and broadleaf forest parameters for TKY and
tional parameterizations. The model adopted plant functionall SE (same parameter set for the two sites). In a spatial model
types (PFTs) and parameters needed for some important preun, the dynamic vegetation module was coupled and used.
cesses used in LPJ-DGVM. The model is used for both pointn the model modification processes, we applied six modifi-
and global scale modeling (Kawamiya et al., 2005; Sato,cations: (1) the snow sublimation model was modified due
2009). In both point and spatial simulations, the dynamicto anomalous sublimation during the winter in the original
vegetation module was used. model, (2) the quantum efficiency of photosynthesis and top

In the model modification process, firstly, we fit phenol- leaf nitrogen concentration (nitrogen:carbon ratio) was en-
ogy and photosynthesis related parameters to obtain reasohanced due to underestimation of the seasonal amplitude of
able composition of vegetation cover. Second, we adjustedsPP in the original model, (3) the temperature sensitivity of
photosynthesis related and settlement related parameters tphotosynthesis was raised, (@ho for respiration was de-
ward a better simulation of LAI, GPP, and NEP magnitude creased due to high respiration during the summer in the
and seasonality. In the process of model modification, weoriginal model, and (5) the effective soil depth for energy
made the following changes in the parameters. Maximumbalance and soil temperature calculations was set shallower
minimum, and optimal temperatures for photosynthesis werghan the original model. Model spinup was conducted by
lowered by 3C for forest ecosystems and by@ for grass-  running the model for about 1000 years using whole climate
land ecosystems. Maximum LAl was lowered for temperateinput repeatedly.
deciduous broadleaf forest and boreal evergreen needleleaf
forest, and it was increased for boreal deciduous needleledfcknowledgementsive acknowledge anonymous reviewers. for

forest and boreal deciduous broadleaf forest. The specifill" valuable comments on this manuscript. This study was fi-
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lates the dynamics of the areal coverage of each plant func-
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