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U.S., Europe, East Asia, and the tropical and sub-tropical region. 

Figure 4.10. Temporal variations of monthly mean of daytime CO2 concentrations from two 

Siberian tower observations and GOSAT L4B in 2010 and 2011. 

Figure 4.11. Number of GOSAT Level 2 XCO2 data over the analyzed period, and global site 

distribution of FLUXNET data used for the construction of the SVR models.
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used in two different approaches: bottom-up and top-down approaches. The top-down 

approach integrates atmospheric CO2 concentration measurements into forward simulation of 

an atmospheric transport model with the aim of estimating terrestrial carbon exchange that is 

optimally consistent with atmospheric CO2 concentration (e.g., Taguchi, 1996; Chevallier et al., 

2005; Peters et al., 2007; Maksyutov et al., 2008). The bottom-up approach seeks improvement 

of process-based ecosystem model simulation by integrating various ecological observations 

such as eddy covariance measurements of net ecosystem exchange (NEE), chamber-based 

measurements of soil respiration (SR), ancillary measurements of leaf area index (LAI) , 

litterfall, and woody biomass and soil carbon increments (Raupach et al., 2005; Wang et al, 

2009; Richarson et al., 2010; Keenan et al., 2011, 2012). While the top-down approach is 

confined with the improvement of net carbon exchange, the bottom-up approach allows to 

improve components of carbon cycle (i.e., photosynthetic and respiration processes, net 

productivity of vegetation, biomass accumulation, etc.) depending on observations used as 

constraints. Thus, various aspects of carbon cycle can be experimented with the bottom-up 

approach. 

 

1.4. Objectives 

This analysis takes advantage of the model-data integration to explore the current and 

future states of terrestrial carbon cycle. Specifically, the analysis is aimed at (1) identifying 

effects of data constraints (i.e., eddy flux and biometric observations) in estimates of a future 

projection of carbon cycle, (2) identifying behaviors of multiple carbon fluxes under 

anomalous climate conditions using multi-data integration, and (3) evaluating the current CO2 

budget by comparing estimates from the top-down and bottom-up data integration approaches. 

For these objectives, three studies were conducted as follows (Fig. 1.1). 

First, using eddy covariance and biomass observations for constraints of the 
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model-data integration, reproducibility of carbon fluxes and woody biomass at four ecological 

research sites in East Asia was tested with a process model, Biome-BGC (Thornton et al., 

2002). Furthermore, this study evaluated the impact of eddy covariance and biomass 

observations on the future projection of net carbon exchange using three different data 

integration schemes (i.e., integrations with eddy covariance data only, biomass data only, and 

both data). 

Having tested the model-data integration with carbon flux and biomass, the second 

study experimented an extension of the model-data integration with multivariable such as GPP, 

foliage NPP, above-ground and below-ground woody NPPs, recruitment, mortality, and 

litterfall, observed at the Takayama research forest for eight consecutive years. In this 

application, multiple data constraints were designed to provide plausible annual variations of 

fine root production that is difficult to infer from observation. Using the estimated fine root 

production in conjunction with multiple observations of carbon fluxes, this study evaluated 

how components of forest production vary under contrasting anomalous climate years. 

As an extension from site scale applications conducted in the first and second studies, 

the third study extended the application of the model-data integration to the global scale; 

specifically, global net carbon exchanges estimated by two data integration approaches (i.e., 

top-down and bottom-up approaches) were analyzed. Unlike the site scale studies, reliable 

global carbon flux estimation cannot be expected from a process-based ecosystem model even 

with the data integration because constrainable observation data have substantially limited 

global coverages. Instead, empirically upscale eddy flux observation was used as net carbon 

exchange estimation from the bottom-up approach. Using the two data integration approaches, 

this study examined the status of the current regional and global CO2 budgets. 
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Figure 1.1. Short descriptions and aims of this study.
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Chapter 2 

 

The role of carbon flux and biometric observations in constraining a 

terrestrial ecosystem model: a case study in disturbed forests in East Asia 

 

Abstract 

This study demonstrates the importance of carbon flux and biometric observation in 

constraining a terrestrial ecosystem model with a simple optimization scheme. At the selected 

sites from AsiaFlux network, a simultaneous optimization scheme for both carbon flux and 

biomass was compared with carbon flux-oriented and biomass-oriented optimization schemes 

using the Biome-BGC model. The optimization scheme oriented to either carbon flux or 

biomass provided simulation results that were consistent with observations, but with reduced 

performance in unconstrained variables. The simultaneous optimization scheme yielded results 

that were consistent with observations for both carbon flux and biomass. Correspondingly, 

long-term projections simulated by three schemes showed a large difference. In the scheme 

oriented to carbon fluxes, misrepresented biomass caused a larger projection of carbon 

exchange than other two schemes. The scheme oriented to biomass yielded a projection of 

carbon exchange similar to the simultaneous scheme; however, projections of photosynthesis 

and ecosystem respiration were largely different from those of the simultaneous scheme. From 

these experiments, we found that (1) a process model like Biome-BGC is capable of 

reproducing both carbon flux and biomass within acceptable proximity, (2) constraining 

biomass is importance not just because it is one of carbon cycle components, but also it 

significantly affects future projections of carbon exchange. Thus, it is important to invest more 

efforts to improve simulation of biomass as well as carbon flux. 
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(Based on: Kondo M., Ichii K., Ueyama M., Hirata R., Mizoguchi Y., Saigusa N. (2013) Role 

of carbon flux and pool observations to constrain terrestrial ecosystem model: a case study in 

disturbed forests in East Asia. Ecological Research, 28(5), 893-905) 

 

2.1. Introduction  

 Terrestrial ecosystem models (Cox et al. 2001; Thornton et al. 2002; Sitch et al. 2003; 

Ito 2008; Sato et al. 2007) have been major tools to predict the future terrestrial carbon budget. 

Although these models are designed in such a way to express the same eco-physiological 

aspects of nature, there are substantial uncertainties in their predictions due to differences in 

their approaches and assumptions (e.g., Friedlingstein et al. 2006; Ichii et al. 2010; Ise et al. 

2010; Ito et al. 2010; Schwalm et al. 2010; Wang et al. 2011a, 2011b). For this reason, 

terrestrial ecosystem modeling is still considered as being in a developmental stage, and further 

studies are required to identify specific aspects for refinement or modification. With the current 

state of performance, it is often the case that models need to be calibrated by adjusting 

predefined parameters to achieve agreement with the observations (e.g., Chiesi et al. 2007; 

Ichii et al. 2010; Ueyama et al. 2010, 2011). 

 For a better estimation of the carbon cycle, model optimization techniques have been 

introduced and tested with terrestrial ecosystem models (Santaren et al. 2007; Wang et al. 

2009; Mitchell et al. 2009, 2011). Although such techniques are powerful, when applied only to 

particular aspects of an ecosystem, the resulting model parameters may have inherent biases 

and may therefore not reflect the true characteristics of a study site. In practice, a number of 

model-based analyses have focused solely on terrestrial carbon flux and have often neglected 

carbon storage, such as forest biomass, implying that the resulting model parameters are 

inevitably oriented toward carbon flux. Even studies addressing disturbance events have often 

focused only on carbon flux and neglected forest regrowth (Thornton et al. 2002; Ito et al. 

2005; Mitchell et al. 2009, 2011). Such approach is insufficient to fully reduce the uncertainties 
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about future terrestrial carbon cycle and climate change. 

 A potentially effective approach to resolve this issue is to establish an enhanced 

data-model fusion: a combination of biometric and micrometeorological observations and 

terrestrial ecosystem modeling with a disturbance scheme. This combination would help to 

establish more accurate terrestrial ecosystem modeling, thereby leading to a better estimation 

of the time evolution of biomass and carbon flux. Although attempts have been made to refine 

carbon flux and biomass simulations at specific observation sites (Law et al. 2001; Pietsch et al. 

2005; Chiesi et al. 2011; Ueyama et al. 2011), a successful adaptation of an explicit and robust 

methodology has not yet been reported. 

 With a goal of more sophisticated ecosystem modeling, this study explores the 

potentiality of a terrestrial ecosystem model to reproduce both observed carbon flux and 

biomass. An experiment was performed with a widely used model, Biome-BGC (Thornton et al. 

2002), the parameter sensitivity of which has been explored in detail by White et al. (2000), 

Tatarinov et al. (2009), Mitchell et al. (2009), and Mitchell et al. (2011). The methods applied 

are (1) iterative least square-based optimization for carbon flux and (2) biomass constraint 

using inventory data for the below- and above-ground biomass. In the experiment, results from 

the simultaneous optimization for carbon flux and biomass were examined with optimizations 

oriented toward either carbon fluxes or biomass. Additionally, we demonstrate how long-term 

simulations of carbon fluxes and biomass would differ if both carbon flux and biomass were 

not included in explicit optimization targets. 

 
2.2. Materials and Methods 

2.2.1. Terrestrial biosphere model: Biome-BGC 

 Biome-BGC is a prognostic terrestrial biogeochemical model driven by daily surface 

meteorological data (daytime, minimum, and maximum air temperatures, precipitation, vapor 
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pressure deficit (VPD), and shortwave radiation) and plant eco-physiological parameters for 

described vegetation types. The model is designed to simulate the carbon, nitrogen, and water 

cycles. The model includes the following compartments (1) four vegetation compartments - 

leaf, stem (live and dead), fine root, and coarse root (live and dead); (2) four litter 

compartments - labile, unshielded and shielded cellulose, and lignin; and (3) four soil 

compartments - fast, medium, and slow microbial and recalcitrant soil organic matter. 

 Carbon enters the system through the photosynthetic fixation of atmospheric carbon 

dioxide (CO2), and the carbon fixed by photosynthesis can either be deposited as new growth 

in any plant tissue or respired and returned to the atmosphere. Nitrogen enters the system 

through the deposition of mineral nitrogen from the atmosphere into the soil. Soil mineral 

nitrogen can be incorporated into organic matter through the action of soil microorganisms. 

Nitrogen can be taken up by vegetation for incorporation into new tissues. It can be 

accumulated into soil by mineralization through litter and soil decompositions or it can be 

leached from the soil through outflow. 

The photosynthetic mechanism is based on the Farquhar biochemical photosynthesis 

model (Farquhar et al. 1980). The gross primary productivity (GPP) is calculated as the sum of 

photosynthesis from leaves under the two types of light environment: illuminated and shaded. 

Autotrophic respiration (AR) is treated as the sum of maintenance and growth respiration: the 

former is driven by the nitrogen content in the living tissue, with a temperature dependency 

(Q10 model), and the latter depends on the predefined carbon allocation proportions allotted to 

the vegetation components. Heterotrophic respiration (HR) is driven by the nitrogen content in 

each litter and soil organic matter pool, with a rate constant and a product of two scalar 

potentials: the Lloyd-Taylor type temperature scalar potential (Lloyd and Taylor, 1994) and the 

Andren-Paustian type water scalar potential (Andren and Paustian, 1987). The total ecosystem 

respiration (RE), by definition, is the sum of AR and HR. The net primary productivity (NPP) 
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CRU TS3.1 data. The 1948 NCEP/NCAR reanalysis data were used for the period of 1901-1947 

because NCEP/NCAR reanalysis data were not available for this period. The merged data were 

then linearly fitted by adding a location-specific constant such that the monthly mean was 

reasonably close to the tower meteorological observations. Precipitation and solar radiation data 

were similarly generated from the NCEP/NCAR reanalysis, CRU-TS3.1 precipitation data, 

ISCCP-FD solar radiation data, and site observations. The daily meteorological model input 

used in this study is the same as the one used in Ichii et al. (2013). 

 The temporal coverage of the eddy flux observations were 2001-2003 for TMK, 

2001-2004 for TKY and FJY, and 2004 for LSH, and the methods of gap-filling and 

flux-partitioning are based on those of Ueyama et al. (2012). Although the input drivers were 

generated with the temporal coverage of 1901 to 2005 for each site, the initial year for simulation 

was set to the approximate year of forest establishment: 1901 for FJY, 1955 for TMK and TKY, 

and 1970 for LSH. 

 

Figure 2.1. Locations of the four eddy flux observation sites used in this study. 
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 Using the eco-physiological parameters, optimization was conducted in four steps. (I) 

A parameter representing the stem-to-root carbon allocation proportion was constrained using 

the below to above-ground biomass ratio from the observations. (II ) A parameter representing 

the leaf-to-stem allocation proportion was optimized with respect to the magnitude of the 

below- and above- ground biomasses. (III ) Parameters having strong sensitivities to GPP were 

optimized with respect to eddy flux observation. (IV) When necessary, (II ) and (III ) were 

repeated until a balance between GPP and biomass was established. The following steps were 

performed at each site.  

 

Step (I): The below- to above-ground biomass ratio from observation was used to fix the 

allocation proportion of coarse root carbon to stem carbon (CRC:SC). In Biome-BGC, bole 

and stem are treated as a single compartment, namely the stem carbon, and coarse roots are 

the dominant constituent of below-ground carbon (the contribution from fine root carbon is 

small). Thus, CRC:SC roughly corresponds to the below- to above-ground biomass ratio. 

The ratio calculated using the observed biomasses (Table 2.1) was used to constrain 

CRC:SC. 

 

Step (II ): Once the ratio was fixed, the magnitude of biomass was optimized using the 

allocation proportion of stem carbon to leaf carbon (SC:LC). Photosynthetically fixed carbon 

is transferred to stem carbon according to the proportion defined by SC:LC. This new stem 

carbon is then transferred to the coarse root carbon according to the proportion defined by 

CRC:SC (fixed in step (I)).  Because the stem carbon and coarse root carbon essentially 

correspond to the above-ground and below-ground biomasses in Biome-BGC (the fine root 
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2.5. Conclusions 

 In this analysis, the simultaneous applicability of biomass constraint and carbon flux 

optimization was tested with the Biome-BGC model using data from four eddy covariance 

observation sites in East Asia. A comparison of the optimization schemes OPT, FOPT, and 

BMC revealed that Biome-BGC is capable of reproducing both carbon flux and biomass within 

a reasonable accuracy.  

 The biometric observation was the key to predict long-term projections of carbon flux 

and biomass. Because both the OPT and FOPT schemes explicitly targeted carbon flux, it was 

expected that GPP and RE would exhibit similar patterns in both schemes; however, their 

differences in biomass clearly affected carbon flux via respiration. Thus, we emphasize that 

modelers should avoid partial tuning as much as possible when biometric data are accessible or 

when they can be reasonably estimated.  

 The availability of biometric observations is a critical factor in confining and reducing 

unnecessary freedom in ecosystem model simulations. Estimates from ecosystem models often 

deviate from the observations with the default parameter set. This undesirable model behavior 

can be refined by constraints with biometric data. Thus, we encourage active collaboration 

between modelers and field ecologists toward a better understanding of terrestrial ecosystems. 
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Chapter 3 

 

Impact of anomalous climates on carbon allocation to biomass production of 

leaves, woody components, and fine roots in a cool-temperate deciduous 

forest 

 

Abstract 

We investigated carbon allocation in a cool-temperate forest in central Japan in years of 

contrasting climate anomalies: an early spring warming induced by the El Niño Southern 

Oscillation (ENSO) in 2002 and a low summer photosynthetic photon flux density (PPFD) 

induced by a stationary rain front in 2003. Observations of eddy flux, biometric variables, and 

chamber measurements from 1999 to 2006 and interannual variations in fine root net primary 

production (frNPP) were analyzed in conjunction with a terrestrial biosphere model simulation 

with multiple biometric constraints. Compared to the annual means (excluding 2002 and 2003), 

the low summer PPFD in 2003 reduced the annual gross primary productivity (GPP: -6%), soil 

respiration (SR: -11%), and ecosystem respiration (RE: -5%). Under the low summer PPFD, 

CO2 fluxes commonly decreased but components of the NPP were not affected. The low 

variation in NPP is explained by previous findings that NPP is more sensitive to climate 

conditions before or during the early stage of the growing season. The early spring warming in 

2002 increased the GPP (8%) and woody tissue NPP (wNPP: 55%) and decreased the frNPP 

(-33%) and SR (-6%). Although early spring warming prolonged the growing season, the 

foliage NPP (fNPP) and litterfall were invariant. The increase in wNPP and the decrease in 

frNPP imply that the forest decreased frNPP in favor of wNPP under the high spring 

temperature. Although the frNPP was estimated by model-data integration, we argue that the 

decrease in frNPP is plausible because the decrease in SR cannot be explained without the 
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contribution from fine root respiration. These results suggest that increasing or decreasing 

patterns of component fluxes cannot necessarily be inferred from the GPP. Factors such as the 

nature and duration of climate anomalies and allocation shift between components of the NPP 

may need to be considered when characterizing carbon allocation under anomalous climate 

events. 

 

(Based on: Kondo M., Ichii K., Ueyama M. (2014) Impact of anomalous climates on carbon 

allocation to biomass production of leaves, woody components, and fine roots in a 

cool-temperate deciduous forest, Agricultural and Forest Meteorology, 201, 38-50, 

doi:10.1016/j.agrformet.2014.11.005) 

 

3.1. Introduction 

Carbon allocation plays a key role in the dynamics of the terrestrial carbon cycle. It 

influences carbon flux, standing biomass production, and soil carbon accumulation by 

controlling the investments of photosynthate into leaves, woody organs, and fine roots 

(Friedlingstein et al., 1999). In general, forests allocate photosynthates to maximize plant 

growth and minimize limitations by adjusting the balance between aboveground and 

belowground resource supplies (Enquist and Niklas, 2001). For example, nitrogen fertilization 

experiments have shown that an alleviation of nutrient limitations induced an allocation shift 

from the belowground to aboveground components (Gower et al., 1992; Haynes and Gower, 

1995; Maier and Kress, 2000; Giardina et al., 2003; Janssens et al., 2010). Several studies have 

reported that carbon allocation changes with stand age (e.g., competition for light resources 

promotes aboveground production in young stands; Davidson et al., 2002; Ryan et al., 2004), 

whereas belowground resource limitation overwhelms the light limitation in older stands 

(Chapin et al., 2002). These studies have confirmed that changes in environmental conditions 

are a key factor for understanding the mechanisms underlying carbon allocation. 



http://iopscience.iop.org/1748-9326/7/3/035703/article#erl433322bib1
http://iopscience.iop.org/1748-9326/7/3/035703/article#erl433322bib9
http://iopscience.iop.org/1748-9326/7/3/035703/article#erl433322bib13
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biometric observations to inversely estimate the plausible carbon allocation to fine roots. The 

availability of observed carbon cycle components (GPP, fNPP, wNPP, and litterfall) constrains 

unnecessary freedom in the simulation of frNPP; thus, a reliable estimate of frNPP is expected. 

 The goal of the current study was to evaluate the sensitivity of allocation patterns to 

interannual climate variability using observations-constrained modelling. Specifically, we 

evaluated the allocation pattern in years of contrasting climate anomalies: the early spring 

warming induced by El Niño in 2002 and the mid-summer low photosynthetic photon flux 

density (PPFD) in 2003. By analyzing the carbon allocations in 2002 and 2003, we 

characterized how carbon allocation is affected by contrasting anomalous climates. 

 

3.2. Materials and Methods 

3.2.1. Study site 

 This study was conducted in the Takayama Forest Research Site, which is located in a 

mountainous region in the central part of the main island of Japan (36° 08´ N, 137° 25´ E, 

1,420 m above sea level). The site is characterized by a cool-temperate climate, with a mean 

annual temperature and annual precipitation of 7.2°C and 2275 mm, respectively. 

 Deciduous broadleaf trees dominate the forest (Quercus crispula, Betula ermanii, and 

Betula platyphylla var. japonica), occupying 66.1% of the basal area; the forest floor is covered 

by evergreen dwarf bamboo (Sasa senanensis). The forest is a secondary forest and is 

approximately 50 years old (Saigusa et al., 2002). The growing season leaf area index (LAI) is 

approximately 5 m2 m-2 for canopy trees and 2 m2 m-2 for understory species (Nasahara et al., 

2008). The typical tree height is approximately 20 m (Ohtsuka et al., 2005). The soil type is a 

dystric cambisol with a thick organic layer containing considerable organic carbon (318 MgC 

ha-1; Jia and Akiyama, 2005). 

 Eddy fluxes have been measured since the summer of 1997. Beneath the eddy 
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Figure 3.1. continued  
 

3.2.2. Terrestrial Biosphere Model: Biome-BGC 

 The present study employed a prognostic terrestrial biosphere mode, the Biome-BGC 

model (Thornton et al., 2002). In this model, biomass, litter, and soil carbon were treated as 

cumulative compartments from the daily carbon transfer allocated by the following predefined 

allocation parameters: allocation proportion of stem carbon to leaf carbon (StemC:LeafC), fine 

root carbon to leaf carbon (FrootC:LeafC), coarse root carbon to stem carbon (CrootC:StemC), 

and live-wood carbon to total wood carbon (LivewoodC:TotalwoodC). StemC:LeafC, 

FrootC:LeafC, and CrootC:StemC determine the partitioning of NPP into the leaf, stem, coarse 

root, and fine root. StemC:LeafC is the primary controlling parameter for the amount of carbon 

sequestration into the stem carbon. Similarly, FrootC:LeafC controls the amount of carbon 

sequestration into fine roots. CrootC:StemC determines a proportion of stem carbon allocated to 
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 The meteorological data for the model input were based on Ichii et al. (2013), i.e., the 

data from the NCEP/NCAR Reanalysis (Kalnay et al., 1996), CRU TS 3.1 (Harris et al., 2014), 

and tower meteorological observations were merged. The air temperature and vapor pressure 

deficit (VPD) at were calculated for the period from 1901 to 2010 by merging the NCEP/NCAR 

reanalysis and CRU TS 3.1 data and calibrating the results with the tower meteorological 

observations. Precipitation and solar radiation data were similarly generated from CRU TS 3.1 

precipitation data and ISCCP-FD solar radiation data (Zhang et al., 2004), respectively. 

 

3.2.4. Model-data integration 

 The purpose of the current study was to fully evaluate allocation responses to 

contrasting anomalous climates. For this purpose, a plausible simulation result for fine root 

allocation is required because frNPP is a major fraction of the total NPP (Jackson et al., 1997). 

The default model simulation reflects climatic and site information. However, it is not sufficient 

to yield plausible results for fine roots because there are several degrees of freedom in the model 

simulation (i.e., parameters and carbon pools). To refine the simulation, we applied a model-data 

integration technique in which unnecessary freedom in the model simulation was constrained 

using observed quantities. 

 We calculated the frNPP using the Biome-BGC model with multiple constraints from 

biometric observations based on Kondo et al. (2013). Considering partitioning of assimilated 

carbon (GPP) to different fractions (Fig. 3.2), carbon components and routes were constrained 

with observations at the Takayama site, except for FrootC:LeafC. Specifically, the input (GPP), 

production of woody tissues (aboveground and belowground wNPP), intermediate routes 

(allocation proportions), and outputs (fine root and live-wood turnovers and mortality) were 

subjected to constraints. 

 Model-data integration was conducted on an annual basis and individually for each 
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apply to Biome-BGC because the live-wood pool in Biome-BGC is conceptually based on 

cambium. Because cambium is replaced on an annual basis, the turnover rate should be set to 1.0 

yr-1. White et al. (2000) proposed a value for the live-wood turnover rate of 0.7 yr-1 because the 

living and respiring portion of the sapwood originates from cambium. Therefore, some of the 

live-wood must be retained; hence, 0.7 yr-1 was used for the live-wood turnover rate instead of 

1.0 yr-1. 

The resulting values of StemC:LeafC, CrootC:StemC, LivewoodC:TotalwoodC, 

whole-plant mortality, and live-wood turnover rate for each period of biometric measurements 

are listed in Table 3.2. 

 
 
Table 3.2. Model parameters and their values estimated by biometric observations from Ohtsuka et al. 
(2007; 2009) and by optimization. 

Eco-physiological parameter Unit 
1999- 
2000 2001 2002 2003 

2004- 
2005 2006 

Observation based        

  Whole plant mortality rate yr-1 0.003 0.01 0.011 0.011 0.011 0.011 

  Live-wood turnover rate yr-1 0.70 0.70 0.70 0.70 0.70 0.70 

  StemC:LeafC gC gC-1 0.43 0.59 0.85 0.53 0.54 0.72 

  CrootC:StemC gC gC-1 0.21 0.22 0.20 0.20 0.20 0.20 

  LivewoodC:TotalwoodC gC gC-1 0.17 0.07 0.29 0.11 0.11 0.05 

Optimization based        

  FrootC:LeafC gC gC-1 1.24 1.16 0.78 1.24 1.2 1.15 

 

 

Step 2: Determination of FrootC:LeafC 

 Having set the parameters from step 1, we determined the FrootC:LeafC value that 

produces the smallest difference between the observed and simulated GPP and wNPP (a sum of 

aboveground and belowground wNPP). To identify the optimal value, FrootC:LeafC was set to 

vary in the range of 1% to 200% with 1% increments from the default values (1.0 gC gC-1). 
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constraint). The constrained and observed (80%) GPP were strongly correlated (R2 = 0.91; Fig. 

3.3a), whereas the default model simulation estimated overall higher GPP (10.2 ± 0.4 MgC ha-1 

yr-1) than the constrained simulation and the observation, consequently yielding a low 

correlation with the observed GPP (R2 = 0.1). 

The constrained mean annual wNPP and fNPP were 1.4 ± 0.2 and 1.9 ± 0.3 MgC ha-1 

yr-1, respectively, from 1999 to 2006 (Fig. 3.3b and 3.3c), and the constrained mean annual 

litterfall was 2.4 ± 0.4 MgC ha-1 yr-1 from 1999 to 2003 (Fig. 3.3d; simulation was conducted 

from 1999 to 2006). Multi-year biometric measurements (Ohtsuka et al., 2007, 2009) yielded a 

mean annual wNPP and fNPP of 1.4 ± 0.4 and 1.9 ± 0.2 MgC ha-1 yr-1, respectively, from 1999 

to 2006, and a mean annual litterfall of 2.4 ± 0.4 MgC ha-1 yr-1 from 1999 to 2003. A strong 

correlation was identified between the constrained simulation and observation for wNPP (R2 = 

0.99; Fig. 3.3b) and litterfall (R2 = 0.97; Fig. 3.3c), and a moderate correlation was found for 

fNPP (R2 = 0.79; Fig. 3.3d). In contrast, the default simulations of wNPP, fNPP, and litterfall 

substantially differed both in magnitude and interannual variation with respect to the 

observations, resulting in low correlations (R2 = 0.47, 0.0, and 0.37 for wNPP, fNPP, and 

litterfall, respectively). 

Interannual variations in frNPP substantially differed between the constrained and 

default simulations (Fig. 3.3e). From 1999 to 2006, the mean annual frNPPs were 2.1 ± 0.3 

MgC ha-1 yr-1 and 2.7 ± 0.1 MgC ha-1 yr-1 for constrained and default simulations, respectively. 

Between the two, the constrained mean annual frNPP was close to the observed 1-year value 

for June 2000 to June 2001 (i.e., 1.8 ± 0.3 MgC ha-1 yr-1; standard deviation of the values for 

different soil depths (n = 8); Satomura et al., 2006). Interannual variations in the two frNPP 

simulations were characterized by contrasting trends, in which a moderate increase in 2002 that 

was found in the default simulation turned into a substantial decrease in the constrained 

simulation. 
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cycle. Variations in other parameter values (CrootC:StemC, LivewoodC:TotalwoodC, 

whole-plant mortality, and live-wood turnover rate) induced a few offsets, but that does not 

necessarily mean that these parameters are not important: a sum of these offsets amounts to 

approximately 10%. 

We consider that the constrained simulation provides a reliable interannual variation in 

frNPP compared with that of the default simulation because unnecessary freedom in frNPP 

simulation was successfully constrained. The interannual variations in the constrained 

component fluxes (GPP, wNPP, fNPP, litterfall, and SR) displayed patterns consistent with the 

observations whereas those in the default simulation substantially differed (Fig. 3.3). This 

result suggests that the interannual variations in the constrained frNPP reflected observed 

variations as they were largely attributable to interannual variations of biometric observations 

used as constraints, whereas the interannual variations in the default frNPP were influenced by 

underrepresented component fluxes. 

 

Figure 3.4. Model parameter sensitivity to annual GPP, wNPP, fNPP, litterfall, frNPP, and SR. For 
±30% range from the constrained parameter value, deviations from the constrained simulation 
(deviation (%) = |(constrained flux-x)/constrained flux|, for x being simulation with varied parameter 
values) were calculated for each parameter. The averages of the maximum deviation from 1999 to 2006 
are shown here. 
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Interannual variation in the SR was the least well reproduced flux in the constrained 

simulation because of two potential reasons. (1) The SR simulation in the present study does 

not include a contribution from an understory vegetation. In the present study, the Biome-BGC 

simulation was constrained only by biometric observations of trees (Table 3.1) due to limited 

observation of an understory vegetation. Overall underestimation found in the constrained SR 

(Fig. 3.3f) may be attributable to our treatment for GPP that 80% of the observed GPP was 

considered as a potential amount absorbed by trees based on a previous study (Ohtsuka et al., 

2007). (2) Only input fluxes to the belowground carbon cycle (i.e., belowground wNPP, 

litterfall, and frNPP) were constrained in the current scheme. Parameters related to the annual 

soil organic carbon change, annual litter carbon change, and root respiration and decomposition 

rates were not constrained due to limited observation. Despite of these issues, an interannual 

variation pattern from 1999 to 2003 was reproduced reasonably well with respect to the 

observed SR showing a decreasing trend from 2001 to 2003 (Fig. 3.3e). This result possibly 

reflects effectiveness of constraining the input fluxes to belowground. 

 

3.4.2. Allocation pattern under the low summer PPFD in 2003 

The results from the present study indicated that the SR notably decreased with the 

decreasing GPP in 2003 (Table 3.3). Although the aboveground and belowground wNPP and 

the frNPP appeared to decrease, their variations were not significant compared with those of 

the normal meteorological years. Similarly, influence from the low summer PPFD was not 

identified in the fNPP and litterfall.  

The decreases in the GPP and SR were attributable to the low summer PPFD and the 

accompanying low summer temperatures (Fig. 3.1c and 3.1a). The monthly scale attribution of 

these anomalies to GPP was previously investigated and a 26% lower GPP was found in July 
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In contrast to the negative summer climate anomaly in 2003, the spring warming in 

2002 substantially increased the annual GPP and wNPP (Table 3.3). The previous studies 

found that foliation of the study forest began 10-20 days earlier in 2002 than in previous years 

because of the early spring warming, and the elongation of the growing season was largely 

attributable to the increase in the annual GPP (Saigusa et al., 2005, 2010). Ohtsuka et al. (2009) 

explained that the high early spring temperatures could have caused the notable increase in the 

wNPP based on the hypothesis of Vaganov et al. (1999) that early spring temperatures are a 

primary determinant of the magnitude of annual stem increments in temperate climatic regions. 

As consistent with these studies, we found that the largest annual GPP and wNPP in 2002 

corresponded to the high spring temperature (Figs. 3.6a and 3.6b). Similar to the case of the 

low summer PPFD in 2003, the spring warming in 2002 did not significantly affect the fNPP 

and litterfall (Table 3.3, Fig. 3.6c, and 3.6d). These low variations under two contrasting 

climate anomalies indicate that the seasonal climate conditions may not be effective indicators 

for the annual fNPP and litterfall of the study forest. 

Our result indicates that the carbon allocation in 2002 is characterized by contrasting 

variation patterns of belowground and aboveground NPPs. For the 1999-2006 period, the 

aboveground NPP (fNPP and aboveground wNPP) and the belowground NPP (belowground 

wNPP and frNPP) exhibited contrasting variation patterns; the former tends positively and the 

latter negatively varied with the spring temperature (Fig. 3.7). Correspondingly, a clear 

allocation shift toward the aboveground NPP was identified in response to the high early spring 

temperature in 2002. In previous studies, a similar allocation shift (a decrease in the 

belowground NPP and an increase in the aboveground NPP) has been identified by alleviating 

water or nitrogen limitation (e.g., Haynes and Gower, 1995; Maier and Kress, 2000; Giardina 

et al., 2003). In the current case, a limiting factor of the study forest is possibly alleviated by 

the spring warming as indicated by the relationship in Figure 3.7. Because the region around 
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2010; Unger et al., 2012). A threefold increase in frNPP (Roderstein et al., 2005) and a 

decrease in canopy height and stem productivity (Unger et al., 2012) were identified with 

decreasing temperature with altitude. Potential mechanisms behind the allocation shift found in 

the Ecuadorian Andes was implied by Leuschner et al. 2007, in which they argued that lower 

temperatures caused low nutrient supply via reducing (i) microbial nutrient mineralisation rates, 

(ii) activity of mycorrhizal fungi (reducing nutrient supply function), and (iii) nutrient uptake 

rates of roots (because activity in the plasma membranes is temperature sensitive). Conversely, 

in the case of the study forest, the early spring warming conceivably induced a high nutrient 

supply by stimulating these temperature-sensitive processes; consequently, enhancing the 

aboveground wNPP and reducing the frNPP by the law of the limiting resource (Enquist and 

Niklas, 2001). This explanation suggests that the strong relationship between the early spring 

temperature and the annual stem increment (implied by Vaganov et al., 1999) may be related to 

nutrient availability. A clear mutual trend of the frNPP (decreasing) and the wNPP (increasing) 

with the spring temperature (Fig. 3.6a and 3.6e) are consistent with such potential potential 

mechanism. 

The decrease in SR possibly resulted from the decrease in frNPP rather than a 

meteorological effect. Seasonal variations in air temperature, precipitation, and soil 

temperature in 2002 did not indicate a meteorological event causing the negative effects on SR 

(Mo et al., 2005). In the present study, we did not identify a particular effect from the high 

spring temperature on the SR in 2002 (Fig. 3.6f). However, the decrease of fine root respiration 

is inferred by the decreased frNPP. By exploring the result of the constrained simulation further, 

we found that both MR and GR of fine roots decreased in 2002, but with a greater decrease in 

GR than MR (Fig. 3.8a). In Biome-BGC, GR of fine roots is solely a function of allocated 

carbon to fine roots; thus, the decrease of the frNPP directly affects the GR. While MR of fine 

roots is modeled as a function of a nitrogen content and soil temperature. Similar to the GR, the 
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decrease of the MR is attributable to the decreased frNPP because the nitrogen content of fine 

roots varies with a production rate in the model; however, the reduction was less profound in 

the MR because of the positive temperature dependence. Compared with fine root respirations, 

coarse root respirations were substantially small (Fig. 3.8a), which is reasonable because the 

respiration of fine roots has been identified as a major contributor to SR (Lee and Jose, 2003). 

Heterotrophic respiration (HR) comprised a major proportion of SR, but it did not indicate a 

decreasing trend in 2002 (Fig. 3.8b). These results suggest that the AR of fine roots is 

responsible for the decrease of the SR in 2002. 

 

 

Figure 3.8. Constrained simulation results for (a) fine root and coarse root maintenance respiration 
(MR) and growth respiration (GR), and (b) fine root and coarse root autotrophic respiration (AR), 
heterotrophic respiration (HR), and SR. 
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Figure 3.8. continued 
 

5. Conclusion 

We characterized the carbon allocation patterns under contrasting climate anomalies 

using multi-year biometric and flux observations (GPP, fNPP, litterfall, wNPP, and SR) and 

frNPP values estimated by the model-data integration (refer to the summary in Table 3.5). (1) 

The low summer PPFD in 2003 decreased the CO2 fluxes (GPP, SR, and RE) but did not affect 

the components of NPP. (2) The early spring warming in 2002 increased the GPP and wNPP 

and decreased the frNPP and SR. Similar to the case in 2003, the fNPP and litterfall were 

unaffected. The wNPP and frNPP displayed opposite responses, which suggests that the early 

spring induced the allocation shift between the frNPP and wNPP, and that this may have been 

mediated by temperature-driven difference in microbial nitrogen mineralization and its 
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availability to trees. Although the frNPP was estimated by the model-data integration, the 

decrease in frNPP is plausible because the decrease in SR cannot be explained without the 

contribution of fine roots. 

Allocation patterns identified in synthesis studies have advanced our understanding of 

the carbon cycle dynamics (e.g., Litton et al., 2007; Malhi et al., 2011). The present study 

demonstrated that climate anomalies can induce allocation patterns that are not necessarily 

consistent with this result and that increasing and decreasing patterns of component fluxes 

cannot always be inferred from the GPP. Factors such as the timing and duration of the climate 

anomaly and allocation shift between components of the NPP need to be considered when 

characterizing the impact of anomalous climate events on allocation patterns. 

 

Table 3.5. Summary of variations in carbon fluxes and potential causes under climate anomalies in 2002 
and 2003. 
  2002: early spring warming 2003: low summer PPFD 
GPP Increased due to the prolonged growing season Decreased due to the low summer PPFD 

and temperature 
RE Did not notably change  Decreased due to the decreased SR 
NEP Increased due to the increased GPP Did not notably change  
wNPP Substantially increased due to the high nutrient 

availability induced by spring warming. 
Did not notably change 

fNPP  Did not notably change Did not notably change 
Litterfall Did not notably change Did not notably change 
frNPP Decreased due to the high nutrient availability induced 

by spring warming. 
Did not notably change 

SR Decreased due to the low fine root respiration, which is 
implied by the decreased frNPP 

Decreased due to the low summer  
temperature 
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Chapter 4 

  

Comparison of the data-driven top-down and bottom-up global terrestrial 

CO2 exchanges: GOSAT CO2 inversion and empirical eddy flux upscaling  

 

Abstract 

We examined the consistency between terrestrial biosphere fluxes (terrestrial CO2 exchanges) 

from data-driven top-down (GOSAT CO2 inversion) and bottom-up (empirical eddy flux 

upscaling based on a support vector regression (SVR) model) approaches over 42 global 

terrestrial regions from June 2009 to October 2011. Seasonal variations of the biosphere fluxes 

by the two approaches agreed well in boreal and temperate regions across the Northern 

Hemisphere. Both fluxes also exhibited strong anomalous signals in response to contrasting 

anomalous spring temperatures observed in North America and boreal Eurasia. This indicates 

that the CO2 concentration data integrated in the GOSAT inversion and the meteorological and 

vegetation data in the SVR models are equally effective in producing spatiotemporal variations 

of biosphere flux. Meanwhile, large differences in seasonality were found in sub-tropical and 

tropical South America, South Asia, and Africa. The GOSAT inversion showed seasonal 

variations pivoted around CO2 neutral, while the SVR model showed seasonal variations that 

tended towards CO2 sink. Thus, a large difference in CO2 budget was identified between the 

two approaches in sub-tropical and tropical regions across the Southern Hemisphere. 

Examination of the integrated data revealed that the large tropical sink of CO2 by the SVR 

model was an artifact due to the underrepresented biosphere fluxes predicted by limited eddy 

flux data for tropical biomes. Because of the global coverage of CO2 concentration data, the 

GOSAT inversion provides better estimates of continental CO2 flux than the SVR model in the 

Southern Hemisphere. 
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previous inversion models that were constrained by statistically limited atmospheric CO2 

concentration measurements, the GOSAT inversion model (GOSAT Level 4A data product: 

hereafter, GOSAT L4A) takes full advantage of the global coverage of atmospheric CO2 

concentration measurements (Takagi et al., 2011, 2014; Maksyutov et al., 2013). Similarly, a 

global network of eddy flux observations (FLUXNET) (Baldocchi, 2008) and a data 

integration technique with machine-learning-based empirical upscaling have progressed 

bottom-up CO2 flux and exchange estimations (Papale and Valentini, 2003; Yang et al., 2006, 

2007; Xiao et al., 2008; Jung et al., 2009, 2011). This machine-learning model develops an 

empirical regression via a learning processes in which the model searches for certain patterns 

and relations between CO2 fluxes and relevant predictors from meteorological observations 

and/or satellite remote sensing, such as air temperature, radiation, vegetation parameters, e.g., 

the enhanced vegetation index (EVI), normalized difference vegetation index (NDVI), and leaf 

area index (LAI). These advances in data integration are expected to improve both bottom-up 

and top-down CO2 exchange estimations. 

To validate the consistency between the data-integrated approaches, the present study 

conducted a global-scale comparison of data-driven top-down and bottom-up terrestrial CO2 

exchanges. Specifically, we compared the bottom-up estimate from the 

machine-learning-based empirical upscaling of eddy flux observations and the top-down 

estimate from GOSAT L4A for the period June 2009 to October 2011 (the temporal coverage 

of GOSAT L4A version 02.02). We investigated the level of agreement between the two 

estimates in relation to seasonal variability and budget on both regional and global scales. We 

identified potential causes for agreement or/and inconsistencies between the two approaches, 

and discussed the advantages and limitations of data integration and prospects for the 

refinement of global CO2 budget estimations. 
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Figure 4.1. (a) Terrestrial region ID of GOSAT L4A and (b) global GOSAT biosphere flux on June 
2009.  
 

4.2.3. Bottom-up approach: support vector regression 

Machine-learning-based regression was used to obtain spatiotemporal variations of 

surface CO2 fluxes from ground observation data. The method was based on support vector 

regression (SVR), which is an empirical model based on a regression-type support vector 

machine that transforms nonlinear regressions into linear regressions by mapping the original 

low-dimensional input space into a higher-dimensional feature space using kernel functions 
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Figure 4.2. Validation of (a) GPP and (b) NEE estimated by the 24 SVR models at the FLUXNET sites. 
The results from the 24 models constructed from combinations of 10 inputs (SRAD, daytime LST, daily 
LST, EVI, NDVI, LAI, FPAR, GR43, NDVI43, and EVI43) are shown with regression, Pearson 
coefficient (Corr., p < 0.01), residual sum of squares (RSS), and 95% confidence ellipse. 
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Figure 4.2.continued 
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Figure 4.3. SVR-based global NEE on June 2009 with (a) the original 0.25º × 0.25º resolution and (b) 
tile average configuration. 
 

4.3. Results 

4.3.1. Regional seasonal variations and CO2 budgets of the GOSAT and SVR biosphere fluxes 

Seasonal variations (three-month average) of the GOSAT and SVR biosphere fluxes 

were compared from June 2009 to August 2011 and in most regions of the Northern 

Hemisphere, the two exhibited similar seasonal variations (Fig. 4.4a). Good agreement 
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regions, and -2.5 ± 0.8 Pg C yr-1 (GOSAT) and -4.6 ± 1.9 Pg C yr-1 (SVR) in temperate regions 

(Fig. 4.5b). 

Contrasting seasonal variations in sub-tropical and tropical regions affected the CO2 

budget from the two approaches considerably. As illustrated in Figure 4.5a, the GOSAT 

biosphere flux yielded CO2 budgets in sub-tropical and tropical regions close to neutral, e.g., 

0.19 ± 0.12 Pg C yr-1 (northeastern South Africa: region ID 24) and -0.17 ± 0.16 Pg C yr-1 

(southeastern temperate Asia: region ID 30). However, budgets from the SVR biosphere flux 

indicated large net sinks in most sub-tropical and tropical regions. In particular, the sink found 

in southwestern tropical Africa (region ID 17: 2.7 ± 1.0 Pg C yr-1) was several times greater 

than that of the GOSAT biosphere flux. Thus, the total sub-tropical and tropical CO2 budgets 

estimated by the two approaches were substantially different: -0.2 ± 0.7 Pg C yr-1 (GOSAT) 

and -7.4 ± 0.8 Pg C yr-1 (SVR) in the sub-tropical region, and 0.3 ± 0.6 Pg C yr-1 (GOSAT) and 

-11.2 ± 0.6 Pg C yr-1 (SVR) in the tropical region (Fig. 4.5b). We identified that these large 

differences in sub-tropical and tropical CO2 budgets accounted for 83% of the difference in 

global CO2 budget: -3.7 ± 2.7 Pg C yr-1 (GOSAT) and -26.7 ± 4.2 Pg C yr-1 (SVR). 
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Figure 4.4. Three-monthly average seasonal variations of regional NEEs from the bottom-up (SVR) and 
top-down (GOSAT biosphere flux) approaches. The eight regional NEEs were each selected from (a) 
boreal and temperate regions (region IDs: 3, 7, 8, 25, 28, 32, 29, and 41) and (b) sub-tropical and 
tropical regions (region IDs: 9, 10, 15, 17, 18, 23, 24, and 33). 
 

 

 












































































