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in global carbon dynamics simulated by a coupled
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Abstract A coupled climate—carbon cycle model com-
posed of a process-based terrestrial carbon cycle model,
Sim-CYCLE, and the CCSR/NIES/FRCGC atmospheric
general circulation model was developed. We examined
the multiple temporal scale functions of terrestrial eco-
system carbon dynamics induced by human activities and
natural processes and evaluated their contribution to fluc-
tuations in the global carbon budget during the twentieth
century. Global annual net primary production (NPP) and
heterotrophic respiration (HR) increased gradually by 6.7
and 4.7%, respectively, from the 1900s to the 1990s. The
difference between NPP and HR was the net carbon uptake
by natural ecosystems, which was 0.6 Pg C year ' in the
1980s, whereas the carbon emission induced by human
land-use changes was 0.5 Pg C year™ ', largely offsetting
the natural terrestrial carbon sequestration. Our results
indicate that monthly to interannual variation in atmo-
spheric CO, growth rate anomalies show 2- and 6-month
time lags behind anomalies in temperature and the NiNO3
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index, respectively. The simulated anomaly amplitude in
monthly net carbon flux from terrestrial ecosystems to the
atmosphere was much larger than in the prescribed air-to-
sea carbon flux. Fluctuations in the global atmospheric CO,
time series were dominated by the activity of terrestrial
vegetation. These results suggest that terrestrial ecosystems
have acted as a net neutral reservoir for atmospheric CO,
concentrations during the twentieth century on an inter-
decadal timescale, but as the dominant driver for
atmospheric CO, fluctuations on a monthly to interannual
timescale.

1 Introduction

Terrestrial ecosystems and physical climate systems are
strongly interconnected through carbon exchange. Knowl-
edge about their interactions can help reveal how
ecosystems function and their potential responses to the
Earth’s climate system, which is being disturbed at an
unprecedented rate and geographical extent by human
activities [Intergovernmental Panel on Climate Change
(IPCC 2001)]. However, major uncertainties remain about
the magnitude of these effects on climate change (Fried-
lingstein et al. 2003).

During the twentieth century, massive human land use
and corresponding consumption of energy, water, biomass,
and fertilizers resulted in many local and global environ-
mental problems (Foley et al. 2005). Through the global
carbon cycle, land-use practices in the last century may
have directly resulted in a large amount of CO, emissions,
significantly affecting climate change as suggested by
estimates by the Food and Agricultural Organization
(FAO) Forest Resource Assessment based on deforestation
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rates (Houghton 2000, 2003). However, estimates of the
contemporary global carbon budget are still very uncertain,
especially with regard to the terrestrial component, as
evidenced by discrepancies between bottom-up (forest
inventory and land-use change) and top-down (atmo-
spheric) approaches (IPCC 2001). One possible reason is
that calculations of the carbon budget have used different
data sources with non-unified terminologies, as discussed
by Houghton (2003). Another reason is that there are
problems in accounting for the effects of terrestrial eco-
system management systems and associated factors such as
forest age, fertilizer use, and cropland plowing techniques.
Further, we have also noticed a lack of comparisons with
another approach: modeled simulations of net land carbon
budgets that are free from the data source and terminology
problems mentioned above.

Researchers have recently developed coupled climate—
carbon cycle models, which allow the investigation of
uncertainties under the interactive conditions of the global
climate system and carbon cycle at various timescales.
These studies have revealed that natural terrestrial eco-
systems can take up atmospheric CO, and on average
mitigate global warming over relatively long (decadal to
interdecadal) timescales (e.g., Cao and Woodward 1998;
Cox et al. 2000; Friedlingstein et al. 2006). Most of these
models, however, only focused on the interactions between
natural processes of climate and carbon cycles and did not
taken into account human-induced carbon emissions
resulting from changes in land use. Many other climate
studies that have examined how changes in land use affect
climate change have also focused on biogeophysical effects
(changes in albedo, roughness, and conductance; e.g., Betts
2000; Matthews et al. 2003; Gibbard et al. 2005; Sitch et al.
2003; Brovkin et al. 2006; Feddema et al. 2005; Lovell
et al. 2006), although various studies have reported that
land-use emissions significantly affect the global carbon
budget (IPCC 2001; DeFries et al. 2002; Houghton 2003).

To assess the impacts of land-use changes on the global
carbon cycle, McGuire et al. (2001) conducted four offline-
type model simulations without coupling with a climate
model, using terrestrial biosphere models that included a
carbon emission process associated with land-use change
(Houghton et al. 1983). They showed that over the twen-
tieth century, the net carbon budget of land ecosystems was
nearly balanced or yielded a net loss. Brovkin et al. (2004)
examined the dynamic process related to land-use change-
related CO, emissions to simulate the historical global
carbon budget over the twentieth century using the coupled
climate-carbon cycle model CLIMBER-2, which is an
Earth System Model of Intermediate Complexity (EMIC)
with a continental-scale grid size of 10° (meridionally) by
51° (zonally). They simulated twentieth century CO,
emissions to the atmosphere from changes in land use
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under the assumption that biomass removed by changes in
land use was emitted immediately into the atmosphere
without a time lag. They also used land—atmosphere CO,
flux, simulated by the Lund-Potsdam-Jena-Dynamic Global
Vegetation Model (LPJ-DGVM) model with a horizontal
resolution of 0.5° x 0.5° to calculate atmospheric CO,
concentration using the above assumption of immediate
emission.

Various studies using relatively short timescales
(monthly to interannual) have reported correlations
between carbon budgets of terrestrial ecosystems and vari-
ation in climate such as temperature anomalies associated
with El Nifio/Southern Oscillation (ENSO) events (van der
Werf et al. 2004; Ciais et al. 2005; Jones and Cox 2005).
Zeng et al. (2005) applied the Vegetation—Global-Atmo-
sphere—Soil (VEGAS) terrestrial carbon model, which does
not include land-use changes, and found that the 1998-
2002 northern mid-latitude droughts and warming associ-
ated with an ENSO event resulted in the release of a
considerable quantity of carbon from the area’s terrestrial
ecosystem. This may explain the considerable subsequent
increase (about 2 ppmv year ') in the growth rate of
atmospheric CO,, as well as the timing of anomalous
events. Thus, the anomalous climate variability that is
initiated by changes in tropical oceanic temperatures may
be induced by changes in terrestrial ecosystems over a
relatively short (monthly to interannual) timescale. Ter-
restrial ecosystems have also been significantly modified
over a longer (interdecadal) timescale by human activities
such as agriculture, crop grazing, and fire suppression
during the twentieth century.

Here, we present a coupled climate—terrestrial carbon
cycle model with a resolution of about 2.8° x 2.8°. We
conducted a transient run of the twentieth century to rep-
resent interactions between the atmosphere and terrestrial
ecosystems, including emissions associated with changes
in land use. Our objectives were to clarify quantitatively
the temporal variation in terrestrial components through
carbon dynamics induced by human and natural processes
and to evaluate their contribution to fluctuations in the
global carbon budget for longer (interdecadal) and shorter
(monthly to interannual) timescales over the twentieth
century under an interactive treatment between climate and
terrestrial carbon cycles.

We introduce the model overview and processing
schemes in Sect. 2, and present the details of the initial
state spin-up, simulation setting, and forcing data in
Sect. 3. Then we analyze the simulation results and discuss
the accuracy of the model simulation in Sect. 4.1, the role
of terrestrial ecosystems in twentieth century on decadal or
longer timescales in global carbon dynamics in Sect. 4.2,
and the climate-induced variation in the terrestrial carbon
cycle on shorter timescales in Sect. 4.3.
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2 Model
2.1 Overview

To assess the concurrent effects of increasing atmospheric
CO, concentration, climate variability, and the establish-
ment and abandonment of cropland on terrestrial carbon
storage and climate from 1900 to 1999, we use a coupled
climate—terrestrial carbon cycle model with ~2.8° spatial
resolution (latitude by longitude) that combines a three-
dimensional atmospheric model, the Center for Climate
System Research/National Institute for Environmental
Studies/Frontier Research Center for Global Change
(CCSR/NIES/FRCGC) Atmospheric General Circulation
Model (AGCM) 5.7b (Numaguti et al. 1997), with a ter-
restrial carbon cycle model, the Simulation Model of
Carbon cYCle in Land Ecosystems (Sim-CYCLE; Ito and
Oikawa 2002). Sim-CYCLE obtains climate data from the
CCSR/NIES/FRCGC AGCM and outputs the leaf area
index (LAI) and net carbon balance (net ecosystem pro-
duction minus carbon loss due to crop harvesting and
carbon emissions due to changes in land use) to the AGCM
through a land surface model, the Minimal Advanced
Treatments of Surface Interaction and Runoff (MATSIRO)
model, which calculates heat and hydrological dynamics at
the land surface (Takata et al. 2003). These models have
different processing time steps, i.e., 40 min for AGCM, 3 h
for MATSIRO, and 1 day for Sim-CYCLE, and were
linked using a coupler at a horizontal resolution of T42
Gaussian grid and 20 vertical layers (for the AGCM). In all
simulations, atmospheric CO, is interactive among atmo-
spheric and terrestrial components. Air-sea flux is
prescribed from other ocean model simulations. Three-
dimensional distributions of atmospheric CO, concentra-
tion are computed for 40-min time steps using a flux form
semi-Lagrangian transport scheme (Lin and Rood 1996)
implemented in the original CCSR/NIES/FRCGC AGCM
5.7b.

2.2 Terrestrial carbon cycle model
2.2.1 Carbon cycle computation

Sim-CYCLE is a process-based model that is used to
simulate seasonal and interannual variation in CO,
exchange between the atmosphere and terrestrial ecosys-
tems caused by plant growth and the accumulation and
release of soil and litter biomass. It is designed to be driven
by ambient CO, concentration, photosynthetically active
radiation (PAR), air temperature and humidity, surface
temperature, soil temperature and water content, and wind
velocity. These variables are provided to Sim-CYCLE as

daily averages of short time-step outputs from AGCM and
MATSIRO computations.

Sim-CYCLE contains three plant compartments (i.e.,
leaf, stem, and root for C;, C4, and crop plants) and two
soil compartments (i.e., litter and mineral soil). Because C;
and C, plants differ in ecophysiological properties, their
carbon budgets are calculated separately. C, plants, which
are mainly grasses, have greater photosynthetic capacity,
less stomatal conductance, and less sensitivity to ambient
CO, concentrations than do Cj plants; even C,4 crop plants
have these properties. Soil organic carbon is divided into
litter (dead biomass) and mineral soil (humus), which have
disparate turnover rates. The model simulates cropland
planting in spring and harvesting in autumn in a simplified
manner, described by Ito and Oikawa (2002). The carbon
of plant residues that remain after cropland harvest is
entered into the litter compartment, which includes non-
agricultural plants.

A biome type is prescribed in each grid cell at the land
surface; that is, Sim-CYCLE is not a dynamic global
vegetation model (DGVM). To prescribe the biome dis-
tribution, we select from among 20 natural biomes (Fig. 1,
cf. Table 6) simplified from the 32 biome types used by
Matthews (1983) to develop a global vegetation map that
adopted the UNESCO classification system. Data for the
fractional area of each grid cell occupied by C,4 plants are
obtained from the International Satellite Land Surface
Climatology Project (ISLSCP) C, Vegetation Percentage
(Still et al. 2002). Yearly cropland area data for 1900-
1990, representing the fractional area of each grid cell
covered by cropland and pasture, are gathered from the
Center for Sustainability and the Global Environment
(SAGE) website (Fig.2; http://www.sage.wisc.edu;
Ramankutty and Foley 1999), and 1990 year data are used
repeatedly for 1991-1999. Dates of leaf phenology, i.e., the
onsets of leaf flush and leaf shedding, are determined using
a simple climatic/biotic model based on the phenological
schemes of Kaduk and Heimann (1996) and Botta et al.
(2000) for global terrestrial models. The 20 biome types
are categorized into five phenological model groups,
Models 0—4 (Appendix 1).

The net carbon balance (NCB = —F; ,,4), for which a
positive value indicates uptake of atmospheric CO, by
land, was calculated as

NEP = GPP — AR — HR — Fyyr, (2)
NCB = NEP — Fyc, (3)
where GPP, AR, and HR are gross primary production,
autotrophic plant respiration, and heterotrophic soil
microbial respiration, respectively, Fyyr is carbon loss

from harvesting croplands, NEP is net ecosystem produc-
tion as net CO, uptake generated by ordinary carbon cycles
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Fig. 1 Global distribution of
natural vegetation types used in
this study. The 20 biome types
were assigned to each grid by
simplifying the 32 biome types
used in a global vegetation map
by Matthews (1983). See

Table 6 for the synopsis of
biome types

Latitude

o* 100°E

in the land ecosystem, and Fy yc is the conversion carbon
loss by the extension of cropland area. GPP, AR, and HR
were computed separately for C3, C4, and crop plants.

2.2.2 Land-use change process

To simulate the effect of change in land use on the global
carbon budget, we calculate the carbon flow caused by
changes in land cover from the natural ecosystem to
cropland and vice versa using a bookkeeping approach
similar to the one proposed by Houghton et al. (1983).
Their method, which is widely used and is termed the
Grand Slam Protocol, gives vegetation and soil carbon
stock trajectories following changes in land cover using
prescribed synoptic response curves specific to the biome,
rather than local productivity. Carbon stock transitions
after land-use changes are calculated based on the GPP and
autotrophic and heterotrophic respirations at each site to
include the effects of environmental alterations on these
fluxes.

In the case of cropland expansion, i.e., an increased
fraction of cropland in each cell following deforestation,
cleared natural vegetation biomass is allocated to three
lingering pools (1-, 10-, and 100-year conversion box) in
various fractions depending on the biome type and the
compartment of plant biomass (Table 1). A fraction of the
abandoned carbon is transferred to soil reservoirs as slash
left on the ground, whereas the remainder is either released
into the atmosphere by the burning of plant biomass to help
clear the land for agriculture or transferred to wood and/or
fuel product reservoirs. The carbon that is added to a soil
reservoir decays at a specific decomposition rate. Carbon
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stored in product reservoirs has a turnover time of 1 year
(agriculture and agriculture products), 10 years (paper and
paper products), or 100 years (lumber and long-lived
products). In the case of cropland abandonment, i.e., a
decreased fraction of cropland, the original natural biome
begins regrowth. Regrowth is defined as the enhancement
of the fractional area of natural vegetation; the corre-
sponding biomass is immediately merged into the
originally existing natural biomass.

3 Experiments
3.1 Initial steady state simulation

To create an appropriate initial state of terrestrial carbon
pools (leaf, stem, root, litter, and soil), we conducted a
spin-up integration using pre-industrial conditions. First,
we applied the coupled climate-carbon cycle model for
25 years, corresponding to atmospheric CO, levels for
1875-1899. Then we extracted the simulated physical cli-
mate data from the run for this 25-year period and used 40
cycles of these climate data to force a stand-alone spin-up
run of Sim-CYCLE for 1,000 years to minimize drift in the
quasi-equilibrium carbon budget at a low computational
cost. Finally, we used the final state of the off-line run to
couple the climate model again and used three cycles of the
1875-1899 CO, data to conduct an on-line spin-up simu-
lation for 75 years to obtain the initial stable state of
climate and carbon cycles at the beginning of the twentieth
century. These spin-up processes basically followed the
experimental Coupled Carbon Cycle Climate Model
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Fig. 2 Fractional area of

cropland in a grid cell in

(a) 1900 and (b) 1990. These
cropland area data, indicating
the proportion occupied by
cropland from 1900-1990 as
0-1.0 in a grid cell using a T42
horizontal grid system, were
created by interpolating original
0.5° x 0.5° gridded data
derived from the Center for
Sustainability and the Global
Environment (SAGE) web site
(http://www.sage.wisc.edu)
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Intercomparison Project (C4MIP) Phase 1 protocol (e.g.,
C4MIP website: http://c4mip.1sce.ipsl.fr/; Jones and War-
nier 2004).

Plant biomass increased rapidly during the initial
200 years and subsequently quickly reached a quasi-
equilibrium state. Soil plus litter carbon stock increased
slowly to a maximum around the 1,000th year. Finally,
annual global net primary production (NPP) became
59.1 Pg C year™', comparable to figures obtained in other
studies (cf. 54.9 Pg C year™!, averaged from results of 17
models for 1931-1960; Cramer et al. 1999) in 1900 after

offline spin-up for 75 years. Global plant and soil plus litter
carbon stocks were 706 and 1,497 Pg C, respectively,
similar to previously calculated values, which ranged from
466 to 654 and from 1,567 to 2,011 Pg C, respectively
(IPCC 2001).

3.2 Transient simulation
We conducted a historical transient run for the twentieth

century (1900-1999) using the coupled climate—terrestrial
carbon cycle model (Sim-CYCLE + MATSIRO + AGCM).
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Table 1 The fate of carbon for different terrestrial ecosystems upon conversion to agriculture

Ecosystem Left dead in soils  1-year conversion loss 10-year conversion loss ~ 100-year conversion loss
(root biomass) (conversion flux-fuel wood,  (wood pulp, paper, etc.)  (wood furniture, etc.)
biomass burning, etc.)
Temperate/boreal forest 0.33 0.40 0.20 0.07
Tropical forest 0.33 0.40 0.27 0.00
Grassland/tundra 0.50 0.50 0.00 0.00
Shrub lands, woodlands, savannas  0.50 0.40 0.10 0.00

Based on McGuire et al. (2001) and Houghton et al. (1983)
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Fig. 3 Global mean forcing data in this simulation: a sea surface
temperature (SST), b CO, concentration for radiative forcing, ¢ fossil
fuel CO, emission, and d sea-to-air CO, flux. Fossil fuel CO,
emission and sea-to-air CO, flux were utilized only to simulate
atmospheric CO, concentration using the atmospheric transport
model from 1959-1999

This coupled model was forced by monthly sea surface
temperatures (SST) from the Hadley Centre Sea Ice and
Sea Surface Temperature (HadISST) 1.1 dataset (Fig. 3a;
Rayner et al. 2003) and prescribed atmospheric CO, data,
which were spline-fitted to Law Dome ice core records
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prior to 1958 (Etheridge et al. 1996) and atmospheric
measurements at the South Pole and Mauna Loa after 1958
(Keeling and Whorf 2005), only with regard to the radia-
tive forcing process (Fig. 3b). We dynamically estimated
the three-dimensional CO, concentration from 1959 using
the velocity field provided by AGCM, with prescribed
fossil fuel efflux (Fig. 3c; Andres et al. 1996, 1999),
median of air-to-sea flux from 11 ocean seasonal models
from the Ocean Carbon-Cycle Model Intercomparison
Project (OCMIP)-2 experiments (Fig. 3d; http://www.ipsl.
jussieu.fr/fOCMIP/phase2/simulations/Abiotic/HOWTO-
Abiotic.html), and simulated land flux. We did not directly
consider interannual variation in atmospheric aerosol con-
centrations, including volcanic eruptions or anthropogenic
aerosol emissions, during the radiative forcing process,
although the effects of aerosols on temperature are partly
reflected in the applied SSTs.

We ran the model under three different configurations
using the settings described above. First, we used the full
dataset and process, including the historical CO, and SST
data (full run). The second experiment used the land-use-
change process with the constant CO, data set at 1900
levels (SST rising run). Third, we conducted a fixed run
with the constant SST data set at 1900 levels (CO, rising
run). The SST rising and CO, rising runs were conducted
to separate the effects of increased temperature and
increased CO, concentrations on climate and terrestrial
carbon cycles, respectively, during the twentieth century.

4 Results and discussion

4.1 Accuracy of the simulated terrestrial carbon
budgets and their interaction with the atmosphere

To examine the performance of AGCM, we compared the
simulated global mean surface air temperature and pre-
cipitation with climatological data. The global distribution
of annual mean global air temperature at 2.0 m above-
ground was in good agreement with 1979-1999 European
Centre for Medium-Range Weather Forecasts 40-Year
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Fig. 4 Annual mean 2.0 m surface air temperature (°C) for, a the
model (1979-1999 mean), and b ERA-40 climatology (1979-1999
mean); ¢ the difference between model results and ERA-40

Re-Analysis (ECMWF ERA-40) data (Fig. 4), although
there were some noticeable differences with regard to land
area; the Tibetan plateau was significantly colder, whereas
middle Asia, the Middle East, and the central parts of North

(a) This study
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Fig. 5 Annual mean precipitation rate (mm day ') for, a the model
(1979-1999 mean), and b CMAP climatology (1979-1999 mean);
¢ the difference between model results and CMAP. Positive values
indicate that the model yielded higher values

America and Chile was significantly hotter than ERA40.
Overall, the precipitation results (Fig. 5) agreed well with
1979-1999 Climate Prediction Center (CPC) merged
analysis of precipitation (CMAP) climatological data (Xie
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Fig. 6 Annual mean leaf area index (LAI m? mfz) for, a the model
(1900-1999 mean) and b MODIS satellite data (2001-2005 mean);
¢ the difference between model results and MODIS LAI The LAI
data set from the MODIS satellite (data product name, MOD15) was
downloaded from the Boston University web site (http://cybele.bu.
edu/modismisr/)

and Arkin 1997), although the model produced too much
precipitation over central western Pacific regions and too
little precipitation over the Indian Ocean. With regard to
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land area, the model indicated a wet bias in the Himalayas,
India, and the western side of the Andes Mountains, and a
drier bias in the eastern side of the Andes Mountains.

We compared average 1900-1999 simulated LAI data
with Moderate Resolution Imaging Spectroradiometer
(MODIS) satellite-based LAI data (2001-2005 average;
data product name, MODIS5; Fig. 6), obtained from the
Climate and Vegetation Research Group in the Department
of Geography at Boston University (http://cybele.bu.edu/
modismisr/). The model yielded higher values than did
satellite data almost everywhere; the overestimate was
particularly noticeable in tropical regions of Africa and
South America and northern high Ilatitudinal regions,
although the average period differed between model results
and satellite data. We also compared simulated NPP
averaged over 1931-1960 based on the mean NPP of the 17
International Geosphere Biosphere Programme-Global
Analysis, Interpretation, and Modelling (IGBP-GAIM)
models (Cramer et al. 1999; Fig. 7), which were simulated
using 1931-1960 climatological data (Leemans and Cra-
mer 1991) and downloaded from the ISLSCP Initiative II
website (http://islscp2.sesda.com/ISLSCP2_1/html_pages/
groups/carbon/model_npp_xdeg.html).

In higher and middle latitudinal regions, our model
produced relatively less difference than the IGBP-GAIM
data, ranging from —3.0 to 3.0 Mg C ha~' year '. In
tropical regions, however, our model overestimated annual
NPP, particularly in areas where LAI was also overesti-
mated. Our simulation results gave total global NPP as
60.0 Pg C year™', which is within the range of IGBP-
GAIM results of 39.9 to 80.5 Pg C year .

To examine how our model performed when reproduc-
ing atmospheric CO, concentrations, we compared model
output forced by surface CO, fluxes, including fossil fuel,
air-to-sea, land uptake, and emission fluxes, with results of
field observations taken at six GLOBALVIEW-CO,
measurement points (Cooperative Atmospheric Data
Integration Project—Carbon Project; data are available at
http://www.esrl.noaa.gov/gmd/ccgg/globalview/html, Fig. 8):
Barrow (71.3°N, 156.6°W; BRW), Cold Bay (55.2°N,
162.7°W; CBA), Mauna Loa (19.5°N, 155.6°W; MLO),
American Samoa (14.3°S, 170.6°W; SMO), Baring Head
Station (41.4°S, 174.9°W; BHD), and the South Pole
(89.2°S, 24.8°W; SPO). Observed seasonal cycles and their
amplitudes of atmospheric CO, concentration were rela-
tively well reproduced by the model, with amplitudes of
approximately 10 and 5 ppm at BRW and CBA, respec-
tively. In contrast, the simulated seasonal variation was
underestimated largely at MLO and overestimated at the
sites in Southern Hemisphere and the absolute values were
lower than the observed data. These poor accuracies at four
sites are thought to be partly from differences in net carbon
fluxes and atmospheric transportation between model and
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b IGBP-GAIM mean of 17 models (simulated using 1931-1960
climatology data Cramer et al. 1999); c the difference between model
results and IGBP-GAIM annual NPP. The IGBP-GAIM mean annual
NPP data sets of the 17 models were downloaded from the ISLSCP
Initiative II web site (http://islscp2.sesda.com/ISLSCP2_1/html_
pages/groups/carbon/model_npp_xdeg.html). The models varied
widely in complexity and original purpose, and could be grouped into
three major categories: satellite-based models, models that simulated
carbon flux using a prescribed vegetation structure, and models that
simulated both vegetation structure and carbon flux (Cramer et al. 1999)
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Fig. 9 Interannual changes in global terrestrial carbon fluxes during
the twentieth century: a net primary production (NPP) and hetero-
trophic respiration (HR), b net ecosystem production (NVEP) and net
carbon balance (NCB = NEP—F; y¢)

measurements, as discussed in next paragraph. The exam-
ination of global carbon budgets and land feedbacks for the
1980s revealed that the model yielded absolute value of
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Fig. 10 Interannual changes in net primary production (NPP) and
heterotrophic respiration (HR) calculated in the three types of runs:
the full run, the CO, rising with fixed sea surface temperature run
(CO, rising), and the SST rising with CO, fixed run (SST rising). The
CO, and SST rising runs were forced by the repeated cycling of year
1900 data for SST and CO, respectively, throughout the twentieth
century
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Fig. 11 Interannual changes in (a) vegetation and (b) soil + litter
biomass calculated in the three types of runs: the full run (data are
identical to data in Fig. 9), the CO, rising with fixed sea surface
temperature run (CO, rising), and the SST rising with CO, fixed run
(SST rising). The CO, rising and SST rising runs were forced by the
repeated cycling of year 1900 SST and CO, data, respectively, for
every year in the twentieth century

land ecosystem uptake (—0.6 Pg C year ') was moder-
ately comparable to the range of the results obtained by
another model and inventory (IPCC 2001; —3.8 to
0.3 Pg C year '), and that of land-use-change CO, emis-
sions (0.5 Pg C year™ ') was out of the range of the results
obtained by another model and inventory (IPCC 2001; 0.6—
2.5 Pg C year '), and indeed, both of them are smaller by
a factor of three than the average of those values (—1.9 and
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1.7 Pg C year™'; Table 2). However, our values for net
CO, exchange differed only slightly from those of the
IPCC (2001); both estimates were consistent with observed
increases in atmospheric CO, during the 1980s. The
underestimated CO, concentration after 1990 might be
partly due to errors in estimates of land-use carbon emis-
sions, due to a lack of transitional data in land-use changes
in the SAGE database; the cropland distribution in 1990
was assigned for 1991-1999 repeatedly, and this might
have led to an underestimation of recent carbon releases
due to possible increases in land clearing.

Greater errors in temperature occurred over the Tibetan
plateau, central Asia, the Middle East, and the central parts
of North America and Chile than in other areas. These
areas all have relatively low levels of biological activity
(i.e., desert or dry lands), so these model-specific biases
would not directly affect the simulated carbon cycles
(Fig. 4). The bias in precipitation over the Indian Hima-
layas and the Andes Mountains did not result in marked
bias in the calculations of plant growth and carbon
dynamics (Fig. 5) because these areas apparently have no
large biases in the LAI and NPP distributions (Figs. 6, 7).
Our simulation revealed higher biases in LAI and NPP in
tropical and high-latitude areas than in other areas (Figs. 6,
7). We are currently working to remove these biases by
further adjusting the parameters. Uncertainties still remain
in LAI estimation using satellite-based methods (e.g.,
differences in LAI derived by satellite and in situ mea-
surements; Fensholt et al. 2004; Wang et al. 2004) and in
NPP calculation using existing models, upon which Fig. 7
is based. Compared to previous studies, our simulations
revealed smaller absolute values of global annual carbon
uptake by natural ecosystems and carbon release caused by
changes in land use during the 1980s (Table 2); however,
our simulations reproduced reasonable values for global
total NPP, HR, and other terrestrial carbon pools (see
Sect. 3.1). The discrepancies between our model and those
used to create Fig. 7, may partly be attributed to differ-
ences in model details, e.g., differences in the spatial and
temporal resolutions of simulation runs (which affected the
simulation accuracy of the physical climate, and conse-
quently, the accuracy of the terrestrial ecosystem in our
coupled model), or in the timing and duration of carbon
release by changes in land use. These possibly insufficient
settings might affect the simulation of seasonality in
atmospheric CO, concentration in middle to lower latitudes
of both hemispheres. We compared the modeled NEP with
observed NEP at 15 field sites where eddy flux was mea-
sured in North America and Europe: Bayreuth (Staudt and
Foken 2007), Brasschaat (Nagy et al. 2006), Duke Forest
(Stoy et al. 2006), Harvard Forest (Urbanski et al. 2007),
Hyytiala (Suni et al. 2003), Loobos (Dolman et al. 2002),
Metolius (B Law, TBA), Northern Old Black Spruce (Dunn
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Fig. 12 Spatial distribution of

the accumulated carbon
emission induced by land use
changes during the twentieth
century
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et al. 2007), Norunda (Lundin et al. 1999), Park Falls/
WLEF (Davis et al. 2003), Shidler (Suyker et al. 2003;
Burba and Verma 2005), Tharandt (Griinwald and Bern-
hofer 2007), Vielsalm (Aubinet et al. 2001), Walker
Branch Watershed (Baldocchi et al. 2001; Wilson and
Baldocchi 2001), and Willow Creek (Davis et al. 2003).
Most data were taken from the FLUXNET Marconi
Conference Gap-Filled Flux and Meteorology Database,
1992-2000 (http://daac.ornl.gov/FLUXNET/guides/marconi_
gap_filled.html). The simulated NEP showed consistent
seasonality with the measurements at four sites (e.g.,
Fig. 15a), but a smaller amplitude of seasonal change at 11
sites (e.g., Fig. 15b), some of which lagged in seasonality
or exhibited different temporal changes. Although it is
arguable whether one can safely compare a time series
from a particular grid point of a model to that from plot-
scale observations, the improvement of parameters con-
cerning phenology and controlling CO, flux rate might
reduce these differences in atmospheric CO, concentration.
Moreover, we found differences in wind speed at a height
of 10 m between the model and the ERA40 database
(Fig. 16). This could cause the difference in amplitude and
lag in seasonality in atmospheric CO, concentration, as
shown in Fig. 8. Consequently, although we did not
account for other possible processes such as wildfire or
nitrogen deposition, which can affect global carbon
dynamics, our estimate of land-atmosphere CO, exchange
in the 1980s was comparable to estimates obtained using
observation-based approaches or other model simulations
(Table 2). Moreover, the simulated long-term trends in
atmospheric CO, concentration growth at six field sites

: 0
(Mg C ha™)

T
160°W

LONGITUDE

60°W

from northern high latitudes to southern high latitudes,
which were made from modeled wind transportations in
addition to simulated and prescribed surface fluxes, were
similar to GLOBALVIEW-CO, field observations; this
enhances the credibility of comparisons in this study.
Accordingly, in the next section, we analyze the influences
of terrestrial carbon budget on variability in atmospheric
CO, concentrations at regional and global scales during the
twentieth century, while acknowledging that there remain
several model-specific biases.

4.2 Role of terrestrial ecosystems in the twentieth
century: interdecadal changes in global carbon
dynamics

4.2.1 Historical changes and their constraining factors
on the terrestrial carbon dynamics of natural
ecosystems

Annual global NPP and HR increased gradually during the
twentieth century in the full run (Fig. 9a). Compared with
the 1900s, averaged 1990s annual NPP and HR were higher
by 4.01 and 2.73 Pg C year ', representing increases of
6.7 and 4.7%, respectively (Table 3). The estimated NEP
varied interannually, with a range of approximately
+2.0 Pg C year ', but on average appeared to be neutral
or slightly positive (i.e., net sink) during the first half of
the century (0.43 Pg C year ') and clearly positive in the
last half of the century (0.92 Pg C year™'; Fig. 9b). To
investigate separately the growth-enhancement effects
of atmospheric CO, concentration and temperature on
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Fig. 13 Anomalies in seasonal changes of, a atmospheric CO,
concentration and CO, growth rate (d(CO,)/dt); b 2 m air temper-
ature; ¢ precipitation anomaly and NiNOj index; d anomalies in net
carbon balance (NCB), net primary production (NPP), and heterotro-
phic respiration (HR). The CO, data represent global averages for full
atmospheric layers

terrestrial carbon fluxes in the twentieth century, we con-
ducted two additional simulations in which either CO, or
SST was set at a constant level from the 1900s (i.e., SST
rising run and CO, rising run, respectively; Fig. 10).
During the SST rising run, no significant trends were
observed in annual NPP or HR (Fig. 10). In contrast,
during the CO, rising run, annual NPP increased to levels
as high as those in the full run for the last decade
(Fig. 10a); HR also increased to values between those
observed in the full and SST rising runs (Fig. 10b).
Vegetation biomass increased slightly in the last half of the
twentieth century during both the full and CO, rising runs,
but decreased gradually over the twentieth century during
the SST rising run (Fig. 11a). The total carbon stock in soil
and litter pools increased gradually throughout the simu-
lation period during the full run and increased relatively
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Fig. 14 Lagged correlation coefficients of anomalies in CO, growth
rate (d(CO,)/dt) to other climatic factors and terrestrial carbon
budgets: a the air temperature anomaly (Z7emp.), precipitation
anomaly, and NiNOj index derived from the Atmospheric General
Circulation Model (AGCM) run; b anomalies in net carbon balance
(NCB), net primary production (NPP), and heterotrophic respiration
(HR) for the period 1963-1995. The CO, concentrations are average
values over all atmospheric layers

rapidly during the latter half of the twentieth century in the
CO, rising run, but decreased gradually over the twentieth
century in the SST rising run (Fig. 11b). The CO, rising
run increased NPP during the twentieth century, as did the
full run, although the CO, rising run showed less inter-
decadal variation in NPP (Fig. 10a). In contrast, in the last
half of the twentieth century, HR increased in the CO,
rising run to a point midway between the values yielded by
the full and SST rising runs (Fig. 10b). Soil and litter
biomass during the twentieth century increased in both the
full and CO, rising runs, but decreased in the SST rising
run (Fig. 11b). These results suggest that the increased
NPP is mainly attributable to the effects of CO, fertiliza-
tion on photosynthesis and that HR increased due to both
enhanced microbial decomposition activity induced by
global warming over the 100 years and increased respira-
tory substances (i.e., soil and litter biomass) resulting from
the enhanced NPP. This climate-induced stimulation of
microbial decomposition activity seems to be supported by
the 3.5% decrease in residence time of soil + litter carbon
over the 100 years (proportional rate of soil and litter
carbon to HR); the global averaged values were 25.6 in the
1900s and 24.7 years in the 1990s. In the SST rising run,
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Table 2 Comparison of global carbon budgets during the 1980s with
other estimates (units are Pg C year_l)

This study  IPCC/TAR (2001)
Fossil fuel emissions 54 54+03
Ocean—atmosphere flux 2.2 —-19+£0.6
Land—-atmosphere flux (-NCB)  —0.1 —-0.2 £ 0.7
partitioned as follows
Land-use change efflux (Fp,.) 0.5 1.7 (0.6-2.5)*
Terrestrial sink (—NEP)° —-0.6 —1.9 (—3.8-0.3)*
Atmospheric increase 33 33+0.1

* The ranges in parentheses indicate the maximum and minimum
values among the simulation results of different analysis (Houghton
1999, 2000; Houghton and Hackler 2001; McGuire et al. 2001)

° Negative values represent terrestrial uptake of atmospheric carbon
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Fig. 15 Simulated and observed interannual changes in net ecosys-
tem production [equal to —net ecosystem exchange (NEE)] at two
FLUXNET sites from 1996-1999: a evergreen coniferous forest in
Manitoba, Canada (55.9°N, 98.5°W), and b deciduous broadleaf
forest in Harvard Forest, USA (42.5°N, 72.2°W)

the absence of an apparent trend in HR resulted from the
balance between decreased soil and litter biomass as a
substrate for respiration (Fig. 11b) because of decreased
NPP (Fig. 10a) and enhanced microbial decomposition
activity from global warming. Consequently, the combi-
nation of climate and CO, effects is not strictly additive, as
seen in the difference between the 1990s and 1900s for the
full run and the combination of the CO, rising and SST
rising runs: 4.0 and 3.2 Pg C year™' for NPP, 2.7 and
1.4 Pg C year ' for HR, 7.2 and —21.3 Pg C for vegeta-
tion biomass, and 16.1 and —0.6 Pg C for soil + litter
biomass, respectively (Table 2 shows the former; the latter
are not shown). Negative trends of biomass in the SST
rising run greatly suppressed the increasing trends via
positive feedbacks in the CO, rising run during the twen-
tieth century. In turn, the higher values in full runs indicate

that the synergy of climate (especially for increasing
temperature and precipitation) and increasing CO, stimu-
lated terrestrial ecosystem activity in carbon dynamics and
effectively led to increased terrestrial carbon stock, at least
during the twentieth century.

We assessed the differences in the simulated carbon
fluxes and environmental factors between the first and last
decades of the twentieth century for 30° latitudinal bands
(Table 3) and nine biome types (Table 4). GPP, NPP, HR,
NEP, and NCB increased in almost all latitudinal bands,
with the exception of the 90°-60°N area, and higher values
were observed in lower latitudinal bands at 0°-30°N and
0°-30°S. The LAI changed only slightly. Surface temper-
ature (Tgyrface) increased modestly by 0.46-0.63°C for mid-
and low-latitudinal bands, whereas Tgyface rose more
rapidly in high-latitudinal bands, at 1.03 and 2.02°C for
90°-60°N and 60°-90°S, respectively. PAR did not change
greatly because the model did not account for the effects of
volcanic eruptions, atmospheric chemical processes, and
periods of solar activity. Precipitation increased in all
bands; we found similar trends in observation-based data
from CRU TS 2.1 dataset for 1901-2000 (Mitchell and
Jones 2005; http://www.cru.uea.ac.uk/ ~timm/grid/CRU_
TS_2_1.html). Biome-specific analysis (Table 4) revealed
that GPP, NPP, and HR increased in areas of tropical forest
and temperate grassland and savannah. NCB was higher in
areas of temperate forest and temperate grassland and
savannah. NCB did not increase in areas of tropical forest
despite relatively high ANEP because of Fjyc enhance-
ment. The LAI increased more in areas of temperate forest
and temperate grassland and savannah. Growing periods
for C; and C, plants were extended by several days in most
biome types, except for tropical forest and desert. Tgyrface
increased similarly within a range of 0.50 —0.88°C for all
land biomes. Precipitation increased significantly in all
bands and biomes. These latitudinal- and biome-specific
analyses of carbon dynamics reveal that low-latitudinal or
temperate and tropical ecosystems contributed more to
increased global NPP and HR than other ecosystems during
the twentieth century (Tables 3, 4). This indicates that
increases in CO, concentration and temperature in these
regions had particularly intense effects on carbon budgets
during the twentieth century. Simulations have frequently
shown that tropical regions contribute significantly to the
global carbon budget (Bousquet et al. 2000; Knorr 2000;
Malhi and Grace 2000). However, not all changes in NPP
and HR can be explained directly by variation in warmer
regions. Berthelot et al. (2002) reported that high-latitude
ecosystems such as boreal forest and tundra ecosystems
were very sensitive to increases in temperature, which
lengthened their growing season by 18 days, leading to an
11% increase in NEP from the pre-industrial period to 2100
under projected global warming. All carbon fluxes in our
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Fig. 16 Differences in
estimations of (a) 10 m zonal
wind speed (U:m s71 and

(b) 10 m meridional wind speed
(V:m s~1) between the model
(1958-1999 mean) and ERA-40
climatology (1958-1999 mean)
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simulations were enhanced during the twentieth century by
warming and the extended growing period in boreal forest
and tundra (Table 4). However, their gross carbon flux
increased less than in warmer regions, mostly because there
was less plant biomass or less leaf area per unit area and
thus less photosynthesis. Another reason is that greater
warming and a more extended growing season in high-
latitude regions might cause a greater increase in annual
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160°W 60°W
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autotrophic and heterotrophic respiration than in warmer
regions (Table 3).

On a global basis, the enhanced carbon uptake by ter-
restrial ecosystems contributed to an increase in the stored
carbon in vegetation (Wyr) and in soil + litter (Wg; ) by as
much as 7.2 and 16.1 Pg C year™ ', respectively, during the
twentieth century (Table 3). Such carbon sequestration
from the atmosphere is supported largely by high-latitude
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regions of the Southern and Northern Hemispheres, but is
prevented by carbon loss from tropical forest vegetation
and temperate and boreal forest soils, which are defined as
located in the 60°-0°N zone (Tables 3 and 4). The para-
doxical enhancement of NPP in tropical forest and of NCB
in temperate and boreal forest indicates carbon loss caused
by tree stand removal by land clearing, resulting in less
carbon input (data not shown) to the soil + litter com-
partment by temporally reduced NPP, which was intense
during the mid-twentieth century.

4.2.2 Influence of both human and natural activities
on the global carbon budget

The distribution of simulated carbon flux induced by the
process of land-use change (Fryc; Fig. 12), totaling
44.4 Pg C over 100 years, revealed that intensive carbon
emissions occurred in Southeast Asia, India, Central
America, Brazil, and Eastern Europe, which are areas
where considerable land clearing has occurred and that
have large quantities of plant biomass. This Fjyc made
annual NCB slightly lower than NEP in most years
(Fig. 9b), which, in the 1980s, occured in magnitudes
comparable to terrestrial uptake influx over the same
period (Sect. 4.1.) This result suggests that the impact of
land-use changes was significant enough to offset natural
terrestrial carbon sequestration during the twentieth
century.

Our estimated land-use flux (0.5 Pg C year™') is much
lower than estimates obtained by bookkeeping carbon
models that used different data sets for changes in land
use (e.g., 2.0 £ 0.8 Pg C year ', Houghton 1999), but is
comparable with estimates obtained by similar land-use
change process models using the same data set for
changes in land use (0.6-1.0 Pg C year™'; McGuire et al.
2001; Table 2). Jain and Yang (2005) noted that data
used in land-use inventory approaches contain large
uncertainties such that estimates of land-use emissions in
the 1980s by Houghton and Hackler (2001) were sub-
stantially higher than estimates by Ramankutty and Foley
(1999). Thus, our relatively smaller estimates may have
resulted from differences in the calculations, as well as
possible missing processes such as wildfire or nitrogen
deposition, as discussed in Sect. 4.1. Moreover, we may
need to take into consideration the effect of modifying
the spatial resolution for the land process models; the
inherently larger spatial variation in land-use-induced
emissions (a combination of land-use changes and bio-
mass) in the finer 0.5° original grid could have been
smoothed when we calculated them by multiplying
biomass data by the fractional cropland area, both of
which are interpolated into the 2.8° grid used here,
separately.
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4.3 Contribution of terrestrial carbon dynamics
induced by climate variability to fluctuations
in atmospheric CO, concentration at monthly
to interannual timescales

To clarify the contribution of terrestrial components to
fluctuations in global carbon budgets, we briefly discuss an
analysis of interannual variation in atmospheric CO, con-
centration, CO, growth rate, environmental factors, and
terrestrial carbon fluxes, i.e., NCB, NPP, and HR, over the
last three decades. Figure 13 presents the anomalies, which
was calculated by subtracting the 10-year running mean of
global mean values, in atmospheric CO, concentration,
growth rate of atmospheric CO, (the CO, changing rate
from the current month to the next month), 2-m surface
temperatures, precipitation, and the NiNO; index (the
detrended average SST for the eastern equatorial Pacific
region, 5°N-5°S, 90°-150°W) from the 12-month running
mean. The CO, concentrations fluctuated from —1.4 to
+1.1 ppmv, and were linked to temperature and precipi-
tation anomalies and the NiNO; index with a delay of
several months to years (Fig. 13a, b, ¢). The CO, growth
rates, as driving factors of CO, concentration, seem to be
synchronized to those environmental factors with a delay
of lesser time than that in CO, concentration. The peak-
to-peak (i.e., the difference between the maximum and
minimum values) of the modeled atmospheric CO,
anomalies was 2.25 ppmv; the proportional rate of the CO,
amplitude to anomalies in air temperature at 2.0 m was
6.42 ppmv °C~'. The simulated peak-to-peak value is
comparable to observation-based values of 1.78 ppmv, but
the proportional rate is approximately two times higher
than an observed 2.73 ppmv °C~'. The above observed
peak-to-peak value was calculated from the monthly mean
atmospheric CO, concentration of the weighted average
of Mauna Loa (MLO) and South Pole (SPO) sites
(0.75*MLO + 0.25*SPO), whereas the latter value was
calculated by dividing the former value by 2.0-m air tem-
perature from the ERA40 database during 1979-1999. The
difference in the proportional values may be from the
model sensitivity and experimental specifications con-
cerning temperature dependences and/or from insufficient
consideration of anomalies in the ocean carbon budgets and
surface temperature of ocean components using prescribed
air-to-sea flux and SST. For a clearer explanation, further
studies are necessary involving various simulations using
fully coupled climate-carbon cycle models, including
ocean carbon cycle models and ocean GCMs. Anomalies in
NCB, NPP, and HR varied interannually, ranging from
—29to+2.4,—13t041.6,and —1.5to 4+1.2 Pg C year ',
respectively (Fig. 13d). In contrast, monthly anomalies in
global air-to-sea CO, flux, which we use as prescribed
forcing data, ranged from —0.021 to 0.016 Pg C year '
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Table 5 Linear regression models predicting anomalies in zonal mean NPP, HR and NCB as a function of climatic condition anomalies from

1959 to 1999

CO, Latitudinal Amplitude (min to PAR (pmol m2 sh

Air temperature (°C) Precipitation (mm dayfl)

fluxes zones max; Pg C year_l)

Regression Coefficient of Regression Coefficient of Regression Coefficient of
coefficients determination coefficients determination coefficients determination
(x1073) (x1073) (x1073)
a b P a b P a b r”
NPP  90°-60°N —0.19 to 0.19 4.56 5.11 0.11 476 —2.92 0.01 4.88 1.03  0.02
60°-30°N  —0.32 to 0.49 19.94  4.08 0.01 20.11 92.63 0.08 20.12 —1.95 0.02
30°-0°N  —0.51 to 0.54 2.58 —-3.72  0.01 0.06 —586.09 0.40 1.02 —1.57 0.04
0°N-30°S —0.99 to 0.82 —-093 —-834 0.14 —2.85 —1324.80 0.56 3.18 —1.15 0.01
30°-60°S  —0.07 to 0.07 0.17 0.68 0.06 —0.22 —55.75 0.11 —-0.67 —1.08 0.16
60°-90°S* ND ND ND ND ND ND ND ND ND ND
HR  90°-60°N —0.20 to 0.25 1.37 4.27 0.07 1.63  18.58 0.00 1.90 326 0.14
60°-30°N  —0.52 to 0.59 —15.03 —5.05 0.01 —0.65 111847 0.66 —10.89 —5.28 0.09
30°-0°N  —0.49 to 0.45 —230 14.40 0.20 272 1123.65 0.65 —-042 1.63 0.06
0°N-30°S —0.73 to0 0.73 —-0.60 12.68 0.54 0.53  1562.55 0.75 —440 —1.77 0.03
30°-60°S  —0.04 to 0.05 —-225 -0.00 0.00 —2.05 7594 0.06 —227 0.00 0.00
60°-90°S* ND ND ND ND ND ND ND ND ND ND
NCB 90°-60°N —0.19 to 0.21 3.46 0.831 0.00 340 —21.93 0.00 3.26 —2.23 0.08
60°-30°N  —0.64 to 0.72 37.94  8.300 0.02 23.83 —1033.28 0.33 3415 335 0.02
30°-0°N  —1.05 to 0.88 2.87 —19.473 0.10 —5.78 —1973.70 0.54 —1.61 —430 0.10
0°N-30°S —1.53 to 1.37 0.24 —22.751 0.37 —3.00 —3111.45 0.63 8.58 0.99 0.00
30°-60°S  —0.08 to 0.08 2.63 0.566 0.04 206 —147.19 0.07 1.76 —-1.19 0.16
60°-90°S* ND ND ND ND ND ND ND ND ND ND

We fitted linear regression model y = a + bx

% There was no land area with biological activity

(data not shown). Considering that the amplitudes of
interannual variation in the CO, flux of the terrestrial
component are larger by two orders of magnitude than
those of the ocean component, the fluctuations in global
atmospheric CO, concentration can mainly be ascribed to
the activities of terrestrial vegetation. However, our sug-
gestion may suffer from a smoothed amplitude in air-to-sea
flux due to averaging over the 11 OCMIP simulations. To
clarify the influence of such reduced ocean flux anomalies
on CO, concentration estimation, we ran an additional
experiment with simulated ocean flux (using the earth
system model AOGCM with land and ocean carbon cycle;
Yoshikawa et al. 2008) as a forcing. The anomaly in air-to-
sea flux in Yoshikawa et al. (2008) ranged from —0.255 to
0.278 Pg C year™ ' for the same period of this study; it is
comparable to, for example, that of Le Quéré et al. (2000),
which was +0.4 Pg C year™' from 1979 to 1997 (simu-
lated using an ocean circulation and biogeochemistry
model). As a result, we find that differences in the ampli-
tudes of CO, concentration at BHD and SPO are reduced
by 23% compared to those with OCMIP ocean flux and

become closer to observations, but those at MLO and SMO
did not change significantly (increased by 11 and 3%).
Thus, the reduced amplitude of ocean flux anomalies does
not seem to be the dominant factor producing CO,
concentration differences between simulations and obser-
vations. This supports the dominance of the terrestrial
ecosystem on atmospheric CO, anomalies.

We also investigated the anomalies in zonal mean
NPP, HR, and NCB, and their relationships to tempera-
ture, precipitation, and PAR on land. The magnitudes of
carbon flux were largest in low-latitudinal zones in the
Southern Hemisphere (0°N-30°S), followed by those in
the Northern Hemisphere (30°-0°N). HR was strongly
correlated to air temperature at 2.0 m in the 60°-30°N,
30°-30°N, and 0°-30°S zones (Table 5). However, there
were no more significant relationships between NPP, HR,
and NCB, and climatic factors, except for a slightly
strong negative correlation between NCB and air tem-
perature in the 0°N-30°S zone. Thus, tropical and sub-
tropical zones (30°-0°N, 0°-30°N), where productivity
and aboveground biomass are higher than in other
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regions, significantly reduce global carbon flux through
HR activity controlled by temperature anomalies. The
unclear relationships among NPP and environmental fac-
tors may suggest the need to include detailed analyses of
long-term memorial effects on NPP by each factor; this
would include, for example, the influence of cumulative
environmental data through phenology or photosynthate
storage in the previous year for regrowth.

To identify the cause of the lag of the terrestrial
carbon budget against climate variability, lagged-corre-
lation coefficients of CO, growth rate anomalies, as a
driving factor of atmospheric CO, concentration anom-
alies, with respect to the air temperature anomaly,
precipitation anomaly, and NiNOj; index, which were
calculated using simulated CO, concentrations and
forcing SST data, were plotted against the time-lag
(Fig. 14). The fluctuations in the temperature and pre-
cipitation anomalies and the NiNO; index showed that
their respective maximum correlation coefficients of
0.85, 0.42, and 0.42 preceded CO, growth rate fluctua-
tion by 2, 2, and 6 months, respectively (Fig. 14a). The
time lag of the CO, growth rate to temperature was in
relatively good accordance with the maximum cross-
correlation functions of the CO, growth rate to temper-
ature of the less than 6-month lag reported by Braswell
et al. (1997). On the other hand, the time lag of CO,
concentration to the temperature showed that their
respective  maximum correlation coefficients of 0.67
preceded CO, fluctuation by 18 months (data not
shown). Our 18-month lag of CO, and temperature
appears to be longer than the lag found by observation-
based studies, e.g., Keeling et al. (1989) reported 6- to
12-month delayed responses in CO, concentration
anomalies to temperature change at the Mauna Loa and
South Pole observation sites. Given the comparable time-
lag in CO, growth rate, however, we assume that the
longer time-lag of CO, concentration to temperature is
due partly to not considering other possible causes such
as volcanic eruptions and forest fires, but also to the fact
that the climate model performs longer periodicity in
climate change; this is to be solved by improving the
climatic core component in the AGCM. In contrast, the
lower correlation of the CO, growth rate anomalies to
NiNOs; index than to temperature reflects the existence of
other climatic modes [e.g., North Atlantic oscillation
(NAO), Pacific decadal oscillation (PDO)] and their
influence on atmospheric CO, perturbations, in addition
to the dominant role of ENSO events, as discussed
by other model studies (Jones et al. 2001; Zeng et al.
2005).

We also investigated time-lagged correlations between
CO, growth rate, and temperature anomalies and ano-
malies in terrestrial carbon dynamics, i.e., NPP, HR and
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NCB (Fig. 14b). HR fluctuations were correlated with a
2-month lag earlier than CO, growth rate anomalies, with
a maximum correlation coefficient of 0.94. HR responded
to temperature fluctuation without time-lag, and NPP was
negatively correlated with HR, with a lag time of
6 months. This delayed negative response of the NPP
anomaly might reduce plant biomass and lead to less leaf
area, as demonstrated in a satellite-based analysis that
showed a negative response of the normalized difference
vegetation index (NDVI) to temperature with approxi-
mately 2-years lag (Braswell et al. 1997). NCB, by
definition, coincided with differences in HR and NPP
anomalies (Fig. 13d) and traced the variation in CO,
growth rate anomalies; the highest correlation coefficient
of the regression of anomalies in NCB to predict ano-
malies in the monthly CO, growth rate was —0.99,
without a time lag (Fig. 14b). Although this lack of time-
lag relationship is rather inevitable because of the model’s
structure, i.e., being a coupled carbon cycle model, our
results were in relatively good accordance with observa-
tions and confirm that terrestrial natural ecosystem
activity play significant roles in the relationships among
atmospheric CO, concentration and temperature based on
short-term anomalies, even when not considering other
possible factors such as wildfires and variation in atmo-
spheric aerosols, which have been noted in other studies
(e.g., Jones and Cox 2005). On the other hand, a more
complete understanding of these relationships might be
obtained by extending our model functions to precisely
analyze the response direction, amplitude, and time-lag
length of terrestrial ecosystems to climatic variability.
These analyses could consider differences among biomes,
as proposed by Braswell et al. (1997); regional charac-
teristics such as differences between the tropics and extra-
tropics or among major continents, as suggested by Zeng
et al. (2005); and ancillary processes or factors such as
wildfires and aerosols.

5 Conclusions

Our model reproduced nearly balanced global carbon
budgets under interactive treatments of carbon flux
between terrestrial ecosystems and the atmosphere, taking
into account emission flux induced by changes in land use
over the twentieth century. Global carbon budgets in the
1980s indicated that emissions from changes in land use
associated with human activities were almost high enough
to cancel the uptake of atmospheric CO, by terrestrial
natural ecosystems, although our estimates of their absolute
magnitudes were smaller than in other bookkeeping
studies. Thus, at an interdecadal timescale, terrestrial
components appear to have had a net neutral influence on
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atmospheric CO, concentrations during the twentieth cen-
tury, particularly in the 1980s, when considering the effects
of both human and natural activities. The analysis of
anomalies in atmospheric CO, growth rates revealed —2
and —6-month time-lagged relationships with temperature
anomalies and the NiNOj index. On an interannual time-
scale, the terrestrial carbon cycle, rather than atmosphere-
ocean carbon exchange, appeared to have had a dominant
influence on CO, growth rates. In the midst of growing
concern about the uncertainties of the feedback system
between climate and carbon cycles, our simulation
approach is based on a contemporary understanding of
climate systems and biogeochemical carbon cycles and
demonstrates that the role played by terrestrial ecosystems
in global carbon budgets differs depending on the time-
scale. The system was almost neutral against atmospheric
CO, concentration on a long-term (decadal) basis, but had
a dominant influence on anomalies in atmospheric CO,
concentrations on shorter-term (monthly to interannual)
timescales.

The CO, rising and SST rising simulations suggested
that global NPP increased as a result of long-term trends
in atmospheric CO, concentration, which likely stimu-
lated plant carbon assimilation activity. Additionally, HR
was enhanced by a mixed contribution of increases in
temperature and atmospheric CO, concentrations, through
enhanced microbial decomposition activity and enlarged
respiratory substance over the twentieth century. These
results indicate that global warming and increases in
atmospheric CO, concentrations accelerated terrestrial
fluxes over the twentieth century and caused the natural
ecosystems to uptake atmospheric carbon in the last
several decades. However, the net sink for atmospheric
carbon by terrestrial ecosystems was smaller than that by
ocean components, and in the near future (the first several
decades of the twenty-first century) could be turned into a
net source by the reduction of carbon gain and/or the
enhancement of carbon loss induced by extreme climatic
events; decreased NPP by drought, increased heterotro-
phic respiration by warming, direct carbon emission by
wildfires, or forest collapse due to intense storms, all of
which many GCM studies have predicted to increase
(IPCC 2007). A more comprehensive elucidation of the
past, present, and future relationships among climatic
changes and terrestrial ecosystems requires further ana-
lysis of biome-specific responses to climate variability
and further improvements to our model, taking into
account other possible effects of atmospheric chemistry
fluctuations and other events damaging to terrestrial
carbon cycles.
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Appendix 1: Phenology scheme
Overview

Following the phenological schemes for global terrestrial
models set out by Kaduk and Heimann (1996) and Botta
et al. (2000), we used a simple climatic/biotic model to
determine the onset of leaf flush and leaf shedding. Five
phenological model groups, i.e., Models 0—4, were pre-
pared for the 20 biome types. Tables 6 and 7 show specific
triggering factors and parameters.

Model 0: tropical, subtropical, and Mediterranean
biomes (Veg. no. 1, 2, 3, 5, 6, 18)

Vegetation grow whenever environmental conditions are
favorable; the proportion of dNPP to dLAI is greater than
0, where dNPP and dLAI are the slopes of the NPP and
LAI time evolutions during the preceding 10 days. These
warm biomes stop growing whenever the ratio of actual
evapotranspiration (AET) to potential evapotranspiration
(PET), both averaged over the preceding 10 days, becomes
lower than 0.4.

Model 1: boreal and subarctic evergreen forest biomes
(Veg. no. 7, 8)

The number of growing days (NGD) is the parameter that
drives budburst and is defined as the number of the pre-
ceding 60 days in which the daily mean air temperature
exceeds a certain threshold (Ty = —5°C). Leaf onset
occurs when NGD exceeds a critical value (NGD,) specific
to the biome (Botta et al. 2000). Leaf fall begins when air
temperature averaged over 10 days drops below 5°C.

Model 2: temperate, boreal woodland, and arctic grassland
biomes (Veg. no. 10, 12, 14, 15 [C3], 16 [C5], 17)

The onset of leaf flushing is estimated using growing
degree-days (GDD), i.e., the cumulative air temperature
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Table 6 Biomes in Sim-CYCLE and triggering factors initiating leaf flush and leaf shedding

Veg. no. Biome Type Model Growth Leaf-fall Biome in the literature
no. trigger trigger
0 Ocean No vegetation — - - -
1 Tropical & subtropical evergreen forest Evergreen 0 dNPP/dLAI AET/PET  Tropical seasonal forest*
2 Subtropical evergreen rain forest Evergreen 0 dNPP/dLATI AET/PET  Tropical rain forest”
3 Tropical/subtropical drought-deciduous forest Deciduous 0 dNPP/dLAI AET/PET Tropical dry forest*
4 Temperate evergreen seasonal broad-leaved Evergreen 3 GDD;, NCD Temperature Broad-leaf evergreen/mixed
forest, summer rain forest®
5 Evergreen broad-leaved sclerophyllous forest, Evergreen 0 dNPP/dLAI AET/PET Xerophytic woods/shrub®
mediterranean
Tropical/subtropical evergreen needle-leaved forest Evergreen 0 dNPP/dLAI AET/PET Tropical dry forest®
Temperate/subpolar evergreen rain forest Evergreen NGD Temperature Cool mixed forest”
8 Temperate/subpolar evergreen needle forest Evergreen 1 NGD Temperature Cool evergreen needleleaf
forest”
9 Temperate deciduous forest Deciduous 3 GDD;, NCD Temperature Cool deciduous broadleaf
forest”
10 Evergreen woodland Evergreen 2 GDD Temperature Cool closed shrubland®
11 Tropical drought-deciduous woodland and shrub  Deciduous 4 NWD NPP Warm woody savannah®
12 Evergreen shrub Evergreen 2 GDD Temperature Cool open shrubland®
13 Drought-deciduous shrub Deciduous 4 NWD NPP Warm woody savannah®
14 Cold-deciduous woodland and shrub Deciduous 2 GDD Temperature Cool woody savannah®
15 Grassland with woods Mixed 2 (C3) GDD Temperature Cool woody savannah®
4 (C4) NWD NPP Warm woody savannah®
16 Grassland without woods Mixed 2 (C3) GDD Temperature Cool grassland”
4 (C4) NWD NPP Warm savannah®
17 Tundra Mixed 2 GDD Temperature Cool grasslandb
18 Desert Evergreen 0 dNPP/dLAI AET/PET Hot desert®
19 Ice sheet No vegetation — - - -

% from Kaduk and Heimann (1996)
® from Botta et al. (2000)

above a certain temperature (Ty, = —5 or —7°C) during
the preceding 20 days. Leaf onset occurs when the GDD
reaches a critical value (GDD,), set out by Botta et al.
(2000). Leaf fall starts when the air temperature averaged
over 10 days falls below 5°C, as in Model 1.

Model 3: temperate deciduous forest biomes
(Veg. no. 4, 9)

To initiate leaf growth, these biomes require a certain
number of GDD (GDD;), i.e., days with daily mean tem-
peratures above a certain threshold (Ty, = 5°C), after 1st
January in the Northern Hemisphere (NH) and after 1st
July in the Southern Hemisphere (SH). This number
depends on the number of chilling days (NCD) with daily
mean temperatures below a certain threshold (Ty, = 5°C)
from 1st November in the NH and from 1st May in the SH
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(Murray et al. 1989; Botta et al. 2000). Budburst is trig-
gered when the following condition is met:

GDD; > a + bexp(c x NCD), (A1)

where a, b, and ¢ are biome-specific parameters,
previously set out by Kaduk and Heimann (1996) and
Botta et al. (2000). Leaf fall begins when the air
temperature averaged over 10 days drops below 5°C, as
in Model 1.

Model 4: warm woody and savannah biomes
(Veg. no. 11, 13, 15 [C4], 16 [C4))

The onset of leaf flush is determined by soil water capacity
based on a simplified version of the onset scheme presented
by Botta et al. (2000) for the warm savannah biome. Leaf
flushing begins when more than 25 of the preceding
50 days have increased soil water content from the
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Table 7 Model parameters used to determine the phenology of var-
ious biomes

Veg. Tw NGD, GDD, a b c
no. (°C) (day) (°C* day)

0 _ _ _ _ _ _
1

2

3

4 5 34.5 1647 —0.150
5

6

7 -5 15

8 -5 19

9 5 —68 638 —0.010
10 -5 125

11

12 -5 200

13

14 =5 125

15 -5 125

16 -5 200

17 -7 125

18

19 - - - - - -

previous day (NWD). Leaf shedding is assumed to begin
when the mean 10-day NPP is negative (<0).
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